C'IRCULA“ON COPY UCRL-53655
SUBJECT TO RECALL
IN TWO WEEKS

Initial Stages of
Uranium Oxidation:
A Surface Study

K. A. Winer
(Ph.D. Thesis)

July 1, 1985

L




DISCLAIMER

This document was prepared as an account of work spensored by an agescy of the United States Government.
Neither the United States Gevernment mor the University of California nor aay of thelr employees, makes any
warraaty, express or implied, or asswsnes any legal Nability or responsibility for the accuracy, completencss, or
usefulnces of any information, apparsiws, product, or process diaclosed, or represents that Its wse wounld not infringe
privately owned rights. Reference herela to asy specific commercial products, precess, er service by trade name,
trademark, manafacturer, or otherwiss, does wet necessarily constitute or lmply s endersement, recommendation, or
favoring by the United States Goverament or the University of Califormia. The views and apinions of awthors
expressed herein do mot mecessarily state or reflect those of the United States Govermment or the University of
Califernia, and shall not be wsed for advertising or prodect endorsement purposes.

Work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory
under Contract W-7405-Eng-48.



UCRL-53655
Distribution Category UC-4

Initial Stages of
Uranium Oxidation:
A Surface Study

K. A. Winer
(Ph.D. Thesis)

Manuscript date: July 1, 1985

LAWRENCE LIVERMORE NATIONAL LABORATORY

University of California ¢ Livermore, California « 94550

Available from: National Technical Information Service ¢ U.S. Department of Commerce
5285 Port Royal Road e Springfield, VA 22161 o $14.50 per copy e (Microfiche $4,50)






Initial Stages of Uranium Oxidation: A Surface Study

By

KRIS ALAN WINER
B.A. (California State University, Fullerton) 1980
M.S. (University of California, Davis) 1982

DISSERTATION
Submitted in partial satisfaction
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in

Engineering/Applied Science

in the
GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA

DAVIS

Approved:

Committee in Charge

ja
(

N
Deposited in the Univ ty Library

Date Librarian



i1

CONTENTS

Page

Acknowliedgements ... ... ... ittt e e iv
Abstract ... e e e v
1. Introduclion ...... ... i e s 1
2. Uranium and Its Oxides .........c.. 0t iniiininmannnneennens 4
2.1 Uranium Metal ...... .. ... ittt 5

2.2 Oxidation of Uranium .......... ... .00 iiiniurinnnnnn 6

3. Surface Analytical Techniques ...............cciiniiiiiniinnnnnn 16
3.1 Auger Electron Spectroscopy ...........cciiiiiioinonnnn 19

3.2 X-Ray Photoelectron Spectroscopy ....................... 24

3.3 Thermal Desorption Spectroscopy .............cvieiinninnn 29

3.4 Electron-Induced Luminescence ..............cccvoiuunn.nn 32

4. Experimental Apparatus and Procedures ........................ 36
4.1 Experimental Apparatus .............. ...ttt 37

4.2 Sample Preparation ..........c. . .ciiiiiniiinenineinnnnnnn 43

4.3 Experimental Procedures ..............c. it 48
4.3.1 AES ... e e 48

4.3.2 XPS L e e e e s 49

4.3.3 TDS o e e e e 51

4.3.4 ElL .. e e e e 53



5.1 Auger Electron Spectroscopy . .. . ... .. .. .. . 0. 57
5.2 X-Ray Photoelectron Spectroscopy ...... ...... ... ........ 69
5.3 Thermal Desorption Spectroscopy . ..... ................. 99
5.4 Electron—Induced Luminescence .. ....................... 103
5.5 Surface Morphology .......... .. ... ... 115
6. Initial Reaction Mechanisms ....... .. ... ... ... . ... 0.0 .. 121
7. Summary and Suggestions for Future Work ...................... 130

8. Literature Cited



ACKNOWLEDGEMENTS

I wish to express my deepest appreciation to the faculty and staff
of the Department of Applied Science for their encouragement and
thoughtful advice during my academic career at U.C.D. I particularly

thank Fred Wooten for giving me the chance to succeed.

| thank Bunny Beck and her staff at Employee Development for their

support and attention while I was in their charge.

The successful completion of this work would have been impossible
without the generous technical support of the Chemistry and Materials
Science Department at LLNL and the patient cooperation of members of
the Surface Science section. I am particularly indebted to Bob Smith,
for his generous gift of practical knowledge, and to Carlos Colmenares,
for promoting my interest in and actively supporting this project for
these many years. Their personal warmth and friendship have made my

stay at Livermore a pleasurable experience.

Finally, and most importantly, | am grateful for the patience and
consideration of Becky Springmeyer during the preparation of this

thesis. [ only hope | can be as thoughtful when she is writing hers.



ABSTRACT

The initial oxidation reactions of clean, high-purity
polycrystalline uranium metal surfaces with dry oxygen, pure water
vapor, and dry carbon monoxide for temperatures between 85 and 298 K
were studied with Auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS), therma: desorption spectroscopy

(TDS), and electron—induced luminescerce (EIL).

The formation of an oxide layer was found to occur rapidly upon

exposure to each reactant gas, even at 85 K. The resultant oxide in
each case was near—stoichiometric UO,. The previously reported
formation of a stable UO phase was not substantiated. Oxide formation

during carbon monoxide exposure was impeded by the competition between
carbon and oxygen atoms for surface adsorption sites and the formation

of uranium carbide.

The presence of strongly chemisorbed oxygen and hydroxyl species
on the oxide surface after oxygen gas and water vapor saturation,
respectively, was inferred. The active oxide surface promoted the
formation of hyperstoichiometric UDy,,, ' the initial stages of the
oxidation reaction. Point defect clustering was speculatively inferred
from the luminescence results, as was the presence of molecularly

adsorbed oxygen or large OH-0 surface complexes. Surface pitting



during exposure to water vapor at 85 K, followed by warming to 298 K,
indicated the electrochemical interaction of liquid water with the

uranium surface and the possible formation of uranium hydride.

Initial oxidation reaction mechanisms were discussed on the basis
of the results obtained. It was determined that insufficient
information is available to distinguish between the various mechanisms
proposed for the inhibition of the water vapor—uranium reaction by

oxygen.



He went iInto a small bar there,
announced that any one who could produce
a volunteer fireman’s badge could drink
with him free. He buil. to a crying jag,
during which he claimed to be deeply
touched by the idea of an inhabited
planet with an atmosphere that was eager
to combine violently with almost every-—

thing the inhabitants held dear. He was

speaking of Earth and the element oxygen.

"When you think about 1t boys”, he
said brokenly, "that’s what holds us
together more than anything else, except
maybe gravity. We few, we happy few, we
band of brothers———joined in the serious
business of keeping our food, shelter,
clothing, and loved ones from ~ombining

with oxygen.”

Eliot Rosewater -

President of the
Rosewater l'oundalion

,i’






1. INTRODUCTION

Uranium is an interesting metal. It undergoes spontaneous fission,
becomes superconducting at low temperatures and is highly chemically
reactive. The complex chemical and physical behavior of uranium has
been the subject of scientific study and the basis of important
technologies for more than fifty years. Nuclear energy technologies
make extensive use of uranium metal, often in atmospheric
environments. The corrosion of uranium by atmospheric gases is
therefore an important engineering problem and has received
considerable attention in recent years. Although significant progress
has been made in understanding uranium ox:dation, the present state of

knowledge is incomplete.

In simple terms, the oxidation of uranium involves the adsorption
of reactant gas molecules onto the metal surface, their dissociation
into atomic species, and the chemical binding of the gas atoms with
surface uranium atoms. As this process continues, an oxide layer
begins to form which eventually covers the entire surface. Subsequent
oxldation requires the diffusion of adsorbed gas atoms through the
oxide layer. This diffusion process is profoundly influenced by the
defect structure and eleclronic properiies of the oxide layer. The

characterization of the surface oxides formed during the initial stages



of oxidation is essential to the understanding of the oxidation

mechanisms of uranium and is the purpose of this study.

Recent advances in the methods of surface analysis allow a
detailed investigation of surface reactions with what has now become a
myriad of techniques. Several of these techniques serve as the
“workhorses” of surface analysis and were employed in this study. Auger
electron spectroscopy (AES) allows the elemental composition of
surfaces to be analyzed. This was useful for monitoring the cleanliness
of the metal surface prior to reactant gas exposure, the surface
species coverage before saturation, and the surface oxide
composition. X-ray photoelectron spectroscopy (XPS) can provide
information about the chemical environment of surface atoms. This
technique allowed the determination of surface stoichiometry and the
chemical composition of the near-surface region, both of which were
necessary for the characterization of the surface oxides. Thermal
desorption spectroscopy (TDS) provides information about the surface
adsorption and molecular dissociation processes that take place during
oxidation. Together, these complementary techniques provided detailed
quantitative information about the initial stages of the oxidation

process.

In addition to using these three standard techniques of surface
analysis, uranium oxide surfaces were studied with a promising new
technique that is still under development. Preliminary studies of

surfaces with electron—induced luminescence (EIL), also known as



cathodoluminescence, have shown this technique to be a sensitive
quantitative monitor of adsorbed gases and able Lo detect qualitative
changes in the defect structure of surlface oxides. This study provides
a preliminary evaluation of the sensitivi'y and the utility of EIL as a
surface analytical tool by correlating it- resuits with those of the

standard techniques.

The physical properties of uranium and its oxides are summarized
in section 2. Proposed mechanisms for uranium oxidation in different
gaseous environments are reviewed and results of previous studies of
bulk uranium oxides are examined. The analytical techniques used in
this study, the physical basis for each technique, and the information
obtainable from its application are descr:bed in section 3. The results
of previous investigations employing these techniques to the study of

uranium oxidation, if any, are reviewed and experiments based on their

application are proposed. The experimental aspects of the study is the
topic of section 4. Sample preparation, the experimental apparatus and
procedures for each of the measurements are described. Detailed

experimental data obtained with the surface analytical techniques are
presented and discussed in section 5. Reaction mechanisms for the
initial oxidation of uranium by atmospher . .c¢ gases are proposed on the
basis of the experimental results in sect . on 6. Suggestions for future

work are made in section 7.



2. URANIUM AND ITS OXIDES

Much has been learned about the uranium-oxygen system since it was
first studied more than fifty years ago [1]. A large part of this
knowledge results from work performed in just the last decade. Several
recent investigations of the defect structure of uranium oxides and the
kinetics of uranium oxidation are pertinent to the present study and
are discussed below. A comprehensive review of the current state of
knowledge of the oxidation mechanisms and catalytic properties of the
actinide elements has been written by Colmenares [2]. The continuing
interest in the properties of uranium and other actinides is
demonstrated by regularly held international conferences devoted to
this topic. The last conference was held in Pacific Grove, Ca. in 1981
and the proceedings provide a useful perspective of current actinide

research [3].

This section begins with a brief summary of the physical
properties of uranium metal. The process of oxidation is then examined
and the structure and stoichiometric behaviour of uranium oxides
discussed. Previous studies of uranium oxides in the bulk are reviewed
here, and those involving surface—sensitive techniques are covered in
the next section. The identification of areas requiring further

investigation is made.



2.1 Uranium Metal

Pure uranium has a high densily and s silverv appearance. [t is

shiny when freshly scraped or polished but tarnishes readily 1n air due

to the high chemical reactivity of the clean metal surface. The
crystallography of uranium has been established with high precision; it
exists in three allotropic phases and structures: the a-phase with an

orthorhombic unit cell, the B-phase with & tetragonal unit cell and the

vy—phase with a body—centered cubic unit cell, as ziven in Table 2.1.
Phase Temperature (°C) Density (g/cm3)
20 19.04
a (Orthorhombic) 200 18.88
400 18.67
650 18.33
670 18.16
R (Tetragonal) 700 18.13
770 18.07
775 17.93
vy (Body-centered 900 17.79
cubic) 1110 17.55

Table 2.1. Physical properties of uranium.

Additional information on the thermal and mechanical properties of

uranium metal can be found in reference [+].



2.2 Oxidation of Uranium

The initial stages of the oxidation of uranium involve three
poorly understood processes: the surface adsorption of gases and
vapors, their dissociation on the surface, and the diffusion of the

oxidizing species through an oxide layer to the bulk metal.

Consider a clean polycrystalline uranium surface in the presence
of an oxidizing environment, say, oxygen gas. Oxygen molecules strike
the surface at random as a result of their kinetic motion. Some of the
molecules will stick to the surface, where they may remain physically
adsorbed, wander about the surface, or become chemically bound
(chemisorbed) to the surface. Adsorbed oxygen molecules will
dissociate into atomic oxygen and combine chemically with surface
uranium atoms, for example, by acquiring two electrons to form the
chemisorbed species 0"?. As chemisorption proceeds, U0, nuclei begin to
form on the surface. The nuclei continue to grow and merge until the
entire surface is covered with an oxide layer. At room temperature, a
monolayer of chemisorbed oxygen forms in about 40 seconds in 1.33 x

10"* Pa of oxygen (~40 Langmuirs, 1 Langmuir = 1.33 x 10”4 Pa-s).

Epitaxial oxide layers form in metal single-crystals, with the
oxide taking on the same crystal orientation as the underlying metal;

however, epitaxial oxide growth has nol been observed on uranium single



crystals [5]. Polycrystalline uranium metal ix highly disordered and

consists of very fine crystallites of random orientation. Oxidation of
polycrystalline uranium results in a polvcrystalline oxide layer, also
with a large concentration of randomly oriented crystallites. The

grain boundaries between the crystallites provide paths of least
resistance for oxygen diffusion into the bulk. Surface defects such as
steps and other irregularities can have an important effect on the
surface adsorption process. Little work has been done on the adsorption
of gases on uranium single crystals and the eflects of surface

structure on the adsorption processes on uranium are unknown.

Once an oxide layer is formed, the adsorption, dissociation and
diffusion processes continue, but now the oxide layer itself plays an
important role in the further oxidation of the metal. The oxide layer
forms a barrier that separates the metal uranium atoms from the
adsorbed/chemisorbed oxygen species on the surface of the oxide. In
very thin oxide films (<3 nm), quantum mechanical tunneling can be
important in the continued growth of the oxide layer. As the oxide
thickens, electronic and ionic transport begin to control the continued

growth of the oxide.

Nearly—-stoichiometric oxides are semiconductors with the
conduction thought to occur by the hopping of eleclrons or holes from
one cation to another [5]. Because elec:tonic conduction (electrons
and holes) predominates in uranium oxides. the rate limiting factor to

further oxidation 1s the transport of ion:¢ species across the oxide



layer. Anionic diffusion is most important because the diffusion

coefficient for oxygen is orders of magnitude larger than that for

uranium [6].

(7L
ALALAARAARARANANANY

Metal 0, (g)
N7 _q
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Oi-q+ M +qg @+ n O =INull 1/2 0, (g) ‘.'tOi-q + q®
MO q = 0,1or2

Fig 2.2.1 Diagram of the oxidation of uranium by an oxygen
interstitial transport process.

The intrinsic defect structure of uranium oxides is of the anion
Frenkel type (oxygen interstitials and vacancies). In
hyperstoichiometric oxides (UO,,, ). oxygen interstitials predominate
which gives rise to oxidation by an oxygen interstitial transport

process in this phase (Fig 2.2.1).



UO,,, 1s a p-lype semiconductor. The majorily carriers arisce from
the transfer of electrons from the O 2p valence band to the vacant U 5f
levels (see Fig. 2.2.6). The oxygen molecules chemisorbed on the UO,,
surface oxide layer dissociate and acquire electrons from these levels
to produce interstitial oxygen ions that diffuse toward the bulk

metal. The dominant mode of oxygen ion transport is thought to be by
diffusion through the oxide layer svia an nterstitialcy mechanism

(Fig. 2.2.2) [7]. This involves the displacement of a lattice anion
into an interstitial site by an oxygen interstitial which then takes

the lattice site. A similar mechanism for OH™ transport has also been

proposed [2].

@ Migrating Anion
X Anion Interstitial Site

———— e —

B X\ 7 Anion Vacancy
| LY
SR N
//
—L .,
r"\
RN
: X
LA
,I
k™

Fig. 2.2.2 Interstitialcy mechanism »f oxygen diffusion in UO
A lattice anion moves to an interstitial site in A, and the
interstitial anion in B fills the vacant .attice site.

2+x°

Stoichiometric uranium dioxide crvstallizes in the fluorite

structure that has cubic symmetry snd a coordination number of



10

four. Each uranium atom is at the center of a cube with an oxygen atom
at each corner, and each oxygen atom is at the center of a tetrahedron
of uranium atoms. In a purely electrostatic approach, uranium
([Rn]5t36d!7s?) would give up four electrons to its oxygen (1s?2s®2p?)
neighbors to give U+4(O_2)2 . However, bonding in uranium oxides is
not strictly ionic. There is substantial evidence for at least some

covalent character in the bonding [9-11].

[ \ ! I T

1500*“ —
U02+x U02+)(
U0
3-5 8Y21-x
®
§ 1000~ UsOg.y -1~ Ys02. 7
5 U8021q
-
500 |- e ———] 77T —j
Uuo -
2+x S ——. )
+U (0] _ odi Gr'; gr-—__ - mmanl ™ (]
4¥9-y > q;tb cf] C? C? CL
- (-] o~ [ ™ -
0 | 121241 3 = I
2.0 2.2 2.4 2.6 28 3.0
O/U ratio

Fig. 2.2.3 Phase diagram of the uranium—oxygen system.

The oxidation of uranium metal by either water vapor, oxygen,
carbon monoxide or carbon dioxide results in the formation of a

hyperstoichiometric oxide UO for high exposures [12]. The value of x

2+4+x



is determined by the gas pressore and che temperature. The phase

diagram for the uranium-oxygen sysiem 1s shown 1n Fig. 2.2.3 [13].

The uranium sublattice is virlually undisturbed upon further

oxidation of UO,. As oxygen diffuses into the tattice, the fluorite

structure is progressively modified and stoichiometric point defects

are thought to form into defect complexes. Neutron diffraction studies

of ¥0, |, have shown the most likely model for these complexes to be

the 2:2:2 cluster which contains two oxygen interstitials along Llhe

(110) direction, two along the (111) direction, and two vacancies in

the oxygen sublattice as shown in IFig. £.2.4 [14].

71 anion vacancy
O (111 interstitial
© (1107 interstitial
O U®* cation

Fig. 2.2.4 The 2:2:2 cluster model
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It has been proposed that at low values of x in UO the 2:2:2

2+x
clusters are distributed at random. As x increases, chains of clusters

form. As oxidation proceeds toward U0, ,,, ordering occurs to give the

U,0y structure shown in Fig. 2.2.5 [15].

(O Normal oxygen
¢’} Oxygen vacancy
 Interstitial O’
Q@InuuﬁﬁdO”
O Uranium

Fig. 2.2.5 Structure of U,Qq.

An approximate band structure of uranium dioxide has been proposed
on the basis of reflectance measurements [9] and computer calculations
[16], and is shown in Fig. 2.2.6. There is a broad valence band
composed of oxygen 2p levels. The conduction band is composed of

uranium 6d and 7s levels. There is a narrow set of states between the



valence and conduction bands composed of partially localized uranium 5f
levels. The degree of localization of the-e levels is not

certain. There is evidence for some mixing of the 5f levels in the
character of bonds in uranium oxides. This mixing provides the small
amount of covalency that has been implied by some experiments [11]. It
has been suggested that the bottom of the conduction band should
exhibit some 5f character as well. This ¢ necessary 1n order Lo
account for the large degree of eletron-hole disorder in
stoichiometric UO,. The reaction 2UT4(U 51%) 4———9 UPS(U 5f') + UPS(L
563y is energetically more favorable thar Frenkel pair formation. This
leads to the predominance of electronic disorder over atomic disorder

in this phase [16].

]
| Conduction band
ede, (U-5a.7
Sd’tzg
I ~23eV
EF X P IITIOTIITE L2777 ry 1175
U-5¢

~8eV ‘

Valence band
{0-2p)
occupied

Fig. 2.2.6 Proposed band struclure of iJO

»- Energiles refer to
Lthermal processes as described in ref. [16]
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Recently, the oxidation of uranium in atmospheric gases has been
studied with thermogravimetric techniques [12]. Interstitial defect
clusters were proposed to control the oxidation of uranium in dry
oxygen, pure water vapor and low pressure (<1.33 x 104 Pa) water
vapor—air mixtures. Vacancy-rich defect clusters were proposed to
control the oxidation of uranium in high pressure (>1.33 x 10* Pa)
water vapor-air mixtures. Defect complexes are widely believed to exist
in uranium oxides although their presence has not been rigorously
proven. Positron annihilation [12,17] and electron paramagnetic
resonance experiments [18] have provided further support to the
proposed defect cluster—controlled uranium oxidation mechanisms. One
particularly interesting result of this study is the quantification of
the inhibition of uranium oxidation in water vapor when oxygen is

present. This effect is illustrated in Fig. 2.2.7.

o 0B T T T 7T
| @ 13.3 kP, Hy0

E 0.20 O 8kp, :«20 n
é 0.15 |— A 0.27 kPy H0 _
[ =2 -

E o010} é.i Po,=664P,

P (~65 ppm O2) 3
£ 0.05 | &--\\ :

0 L 1M

-8 6 -4 -2 0 2 4 6 8

In(oxygen partial pressure in Torr)

Fig. 2.2.7 Effect of oxygen on uranium—water vapor reaction {12].



Extremely small concenlrations of oxygen (~B) ppm) arc suflicient
to decrease the oxidation rate by an order of magnitude. The sharpness
of the cutoff is striking. Colmenares [2] has suggested that
chemisorbed oxygen inhibits the hydrolysis of water at the surface
which slows the water vapor-uranium reaction. Allen et al. [19] have
suggested that oxygen controls the transport of OH by forming
defect-cluster complexes that impede the diffusion of OH™ interstitials
through the oxide layer. [t is clear thal further investigation of the
inhibiting effect of oxygen on the water vapor—uranium reaction 1is

needed.

Most of the work on uranium oxidation has concentrated on the
properties of the bulk oxides and the kinetics of oxidation. Few
studies of the adsorption of reactive gases such as O, or CO on clean
uranium surfaces have been done. The study of the oxidation of uranium
in water vapor and water vapor-oxygen mixtures with surface-sensitive
techniques has been totally neglected until very recently [19].

Studies of this kind are essential for the complete characterization of

the oxidation process.
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3. SURFACE ANALYTICAL TECHNIQUES

Uranium oxides and uranium oxidation have been studied with a
variety of techniques, yet the number of studies employing
surface-sensitive techniques are relatively few. In some cases, these
studies are less than definitive. Results of early XPS and AES studies
of uranium oxides suffer from an imprecise knowledge of the
stoichiometry of the samples. This is due to the readiness with which
uranium dioxide (UO,) reacts with oxygen to produce hyperstoichiometric
UO,,,- Some of the studies reported to be of U0, , were in fact of
hyperstoichiometric oxides. This has only recently become apparent with

the availability of high-resolution XPS data for well characterized

samples.

What is meant by a surface-specific analytical technique? Both
AES and XPS measure the kinetic energy of electrons that leave the
sample during some excitation process. [f the measured energy is to be
characteristic of the binding energy of the electron in an atom of the
.solid, it must be able to diffuse to and escape from the solid surface
without losing energy through inelastic scattering. The inelastic mean
free path of an electron in a solid is the average distance an electron

travels in a solid without undergoing inelastic scattering. The
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dependence of the inelastic mean free path on kinclic energy for many

malerials is shown in Fig. 3.1.

[T T 11!1“]] 1 T IIWTTI T T IHHII Al IR
100 =
e 0F 3
c - ]
1 —é
: -..v..- :

0.1 IIIHA | 1||1nd Lgiijrnd [ lllnnl N

' 1 10 100 1000

eV

Fig. 3.1 Universal curve for the inelastic mean free path of
electrons in a solid [20].

XPS electron kinetic energies of interest Lypically range from 250

to 1250 eV and those for AES range from 10 to 1000 eV. Information

gained from these techniques will then pertain to the first 1-2 nm of

the sample surface. These techniques are therefore surface—-specific.

TDS is clearly a surface specific lechnique because it directly

measures the amounl of surface adsorbate that leaves a sample surface

during heating. The situation is not so clear lor EIL. The optical

mean free path of photons can be delermined from optical absorption

data. For photons in the range 300-900 nm, which 1s the range
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considered in this study, the optical mean free path in uranium dioxide
thin films varies from about 75 nm for the near ultraviolet to more
than 3000 nm for the near infrared [21]. This data would seem to
indicate that EIL is not surface specific because the material 75 nm
away from the surface, which is clearly representative of the bulk, can
contribute to the luminescence. However clean uranium metal does not
exhibit significant luminescence. The luminescence of a uranium surface
that has been exposed to small amounts of gas should be indicative of
the state of the metal-gas interface, that is, the near-surface

region. Thus, luminescence measurements should be sensitive to changes
in the the near-surface oxide layer and to the presence of adsorbates

on the surface.

Because AES, XPS, TDS and EIL are well established experimental
techniques that have been widely used and described, only a brief
description of the physical basis underlying each technique is
given. The information, both qualitative and quantitative, that can be
gained from the application of each technique is specified. The
results, if any, of previous investigations of uranium oxide surfaces
with the particular techniques are also discussed. In the case of no
previous application of a particular technique to the study of uranium,
results for other metal surfaces are discussed to give some idea of the

type of results one might expect for uranium.



3.1 Auger Electron Spectroscopy

Several excellent reviews of Auger electron spectroscopy have
recently appeared in the literature. The review of Auger techniques in
analytical chemistry by Riviere [22] contains a fairly comprehensive
and up—to—date treatment of the state of lhe art of Auger electron
spectroscopy as applied to corrosion and catalysis studies. The review
by Seah [20] emphasizes the application of AES to surface studies of
high temperature materials. A somewhat olider article by Gallon [23]
discusses some of the current (1978) probiems i1n AES. It is useful as a
perspective on the development of methods of obtaining quantitative
information from Auger spectra as well as providing a weallh of source

material for their application.

Consider an electron beam of several keV impinging on a solid
surface. The primary beam will penetrate a few microns into the solid
and produce a cascade of secondary electrons through the excitation of
electrons from the valence band and lower lying atomic core
levels. Most of the secondary electrons will diffuse through the solid
and lose energy through inelastic scattering. Some will leave the
surface of the solid which allows their energy to be measured. A
typical plot of the energy distribution of the secondary electrons that
leave the surface is shown in Fig. 3.1.1. Mosl of the secondaries have

very low energies, with the distribution =lowlyv tailing off as the
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energy increases. Superimposed on the tail of the distribution are

several small bumps that are due to Auger electron transitions.

r T T T
e Ep = 1000 eV
™
- w
2 h-)
-1
|
[T
z Auger
transition
] 1 J 1
0 200 400 600 800 1000
eV

Fig 3.1.1 Secondary electron energy distribution a) N(E) and b)
dN(E)/dE.

When a core level of a surface atom is ionized by an impinging
eleciron beam, relaxation of the atom back to its ground state occurs
by the filling of the core level with an electron from an outer level
as depicted in Fig. 3.1.2. The excess energy corresponding to the
difference in binding energies of the two atomic states can appear
either as a photon of characteristic energy or as an Auger
electron. The two processes compete, but for core level binding
energies of less than about 2000 eV, the probability of Auger emission

is close to unity. The Auger electron need not come from the same level
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as lhe electron thal fills the empty core level, but its binding energy

15 always characteristic of Lthe atom of origin

(a) ‘ (b) ‘
°'E|(|.1L2,3 orEKL1V
VAC VAC
Ef ovomons
2p —e—e-o-o-t-o—L, vB
Either Either

hV(EK"EL1)
- L,

ho (Ey - Ey )

Fig. 3.1.2 Diagram of the Auger process a) in an isolated atom and
b) in a solid. ¢ is the work function of the sample.

Auger electron spectroscopy is a surface sensitive technique. Only
Auger electrons that originate within 1 t¢ 2 nm of the surface can
escape without loss of energy and give rise to peaks in the secondary
electron energy distribution. Because Auger electrons produce small
peaks on a broad continuous background, they are more easily detected
by differentiating the energy distribution function. Virtually all

Auger data lhen is presented as a plot of dN(E)/dE v.s. E.

AES 1s most often used as a chemical “fingerprinting”
technique. The energy and shape of Auger peaks can be used to

unambiguously identify the clemenlal compcsition of the solid
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surface. The peak-to—peak magnitude of the Auger peaks in the
differentiated spectrum is directly related to the surface
concentration of the element that produced the Auger electron. This is
particularly useful in preparing clean metal surfaces because as little
as ~0.1 atomic percent of surface impurities such as oxygen or carbon
can be detected. AES can be used to determine the approximate
stoichiometry of an unknown oxide by comparing the oxygen peak height

with that of a well characterized sample.

Shifts in energy or peak shapes often occur in Auger transitions
from valence levels (those with low binding energies) when two or more
atoms are present on a surface. The chemical interaction of the atoms
produces a redistribution of electronic charge which appears as a
“chemical shift” in the Auger energy spectrum. Quantitative analysis of
these shifts is complicated by the extra ionization that occurs during
the Auger transition. However, large changes in the intensity or shape
of Auger valence peaks is a clear indication of strong chemical

interaction between a substrate and an adsorbed species.

The reaction of clean, high-purity uranium surfaces with dry
oxygen has been studied by Ellis [24] with AES. Ellis found that
saturation of the near surface with ~150 Langmuirs of O,, after
repeated heating and oxygen exposure, produced UO,, which upon heating
to 973 K gave an 0/U ratio of 1.0 in the Auger spectrum. Ellis claimed
that this phase was stable UO because the sample could be cycled from

298 K up to 973 K for ~5 min. several times without a change in the 0/U
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ratio. Carbon was not detected so it was concluded that the phase did

not require carbon to be stabilized.

Mclean et al. [26] performed similar experiments using both XPS
and AES. They found that a saturation coverage of ~40 Langmuirs
produced U0, g.. The low 0/U ratio was found to be due to incomplete
oxidation of the near surface region because about 10% of the XPS core
peak intensities were from unoxidized uranium metal. Similar resutlts
were obtained by Nornes and Miesenheimer [27] in their oxidation study
of uranium at 120 K. One interpretation :s that small domains or
islands of oxide dispersed on an underlying uranium matrix were
forming. This calls into question the Tinding by Ellis of a stable UO
phase, which may in fact be due to incomplete oxidation of the uranium
surface resulting from transport of surface oxygen into the bulk. XPS

data for samples prepared under the same conditions as reported by

Ellis are needed to prove the formation of a stable UO phase.

In this study, AES is used to monitor the cleanliness of uranium
surfaces prior to gas exposures. The peak-to-peak height of the oxygen
(KLL) Auger transition is measured as a function of exposure to various

gases to determine the saturation curves for clean uranium surfaces.
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3.2 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a well established surface
analytical technique that has recently been reviewed by Riviere
[28]. Experimentally, the sample surface to be analyzed is irradiated
with monoenergetic X-rays from the Ka transitions of either aluminum
(1486.6 eV) or magnesium (1253.6 eV). The X-rays travel several microns
into the sample and transfer all of their energy to electrons in the
atoms of the solid. If the photon energy is greater than the binding
energy of an electron in an atom, the electron can leave the atom,

diffuse to the surface and be ejected as a photoelectron. This process

is shown schematically in Fig. 3.2.1.
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rig. 3.2.1 The photoeiectric effect.
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The kinetic energy of the electrons as measured by the analyzer is
directly related to their binding energy. Because no two elements have
the same set of atomic binding energies, XPS is able to provide
elemental compositional analysis of the surface just as is AES. However
AES is an order of magnitude more sensilive to surface contaminants
such as oxygen and carbon [29] so that elemental analysis is not the
prime application of XPS data. Chemicel :nteraction of an atom with
other atoms 1involves electronic charge transfer or charge sharing which
may result in shifts in the binding energy of core and valence electron
peaks, just as in AES. These '"'chemical sh fts" are easily measured in
XPS and usually easier to interpret than those 1n AES measurements. The
ability to provide both compositional and chemical information about a

surface is the main strength of XPS.

The narrowest and usually most intense features of an XPS spectrum
are the photoelectron peaks arising from the direct excitation of
electrons in core levels with high binding energy. Valence levels have
low binding energies and therefore electrons from valence levels have
high kinetic energy. The larger escape depth of these electrons makes
the valence peaks broader, less intense, and less characteristic of

conditions at the surface than other features in the spectrum.

Quantitative analysis of XPS spectra peak heights and peak areas
can provide an estimate of the relative concentrations of surface
species. Shifts in core level peaks and 'he appearance of satellite

peaks 1n the spectra indicate a changing hemical environment and can
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be quantitatively correlated to the stoichiometry of the surface oxide
layer. Non-destructive depth profiling of the surface may be
accomplished by varying the angle of the sample surface with respect to
the analyzer. Electrons emitted at a small angle relative to the
surface tangent are more characteristic of the state of the surface
than electrons emitted at larger angles. In this work, the angle is
varied with the use of an acceptance slit in the electron analyzer
itself so that the flux of incident photons impinging on the sample
surface remains constant. Chemical information concerning the chemical

distribution of the oxide layer can be obtained in this manner.

Allen et al. have studied the oxidation of clean uranium in dry
oxygen with XPS [30]. With successive exposures to oxygen they produced
oxides from U0, , to UO, 4, respectively. They also studied well
characterized samples of U;04 and U,05 with XPS. A comparison of their

results with those for a well-defined UO sample showed that the

2.001
binding energy of several satellite peaks was shifted in direct
proportion to the increase in oxygen content of the samples. This
correlation of stoichiometry and shifts in XPS spectral peaks has been

confirmed in studies by McLean et al. [26], Nornes and Meisenheimer

[27], and Teterin et al. [31] and is illustrated in Fig. 2.3.1.

Only two studies of the uranium—-water vapor reaction with
surface—-sensitive techniques have been performed. Nornes and
Meisenheimer [27] exposed clean, high—purity uranium surfaces to water

vapor at 120 K and followed the reaction with XPS measurements. They
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reported three oxygen peaks in the XPS spcctrum ascribed to condensed

water, oxide formation and an OH-complex with the uranium surface.
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Fig. 2.3.1 XPS spectra for var.ous uranium oxides (Ref. 2,30).

The base pressure in their anaiysis c¢hamber was in the low 1079
torr range and practical experience suggests that this is too high a
pressure to maintain clean uranium surfaces for more than a matter of
seconds. (Given that small partial pressures of oxygen can have a large

effecl on the reactlion of uranium with waler vapor, the results of



28

their study are probably characteristic of the reaction of water vapor
with an oxygen—-covered uranium surface. Their observation that the
reaction rate for water vapor with uranium was slower than the

corresponding reaction rate for oxygen supports this view.

Allen et al. [19] studied the reaction rate of clean uranium
exposed to water vapor and water vapor—oxygen mixtures with XPS. They
found that water vapor reacted more rapidly with clean uranium than dry
oxygen contrary to the findings of Nornes and Meisenheimer. They also
found that the presence of oxygen retarded the water vapor—uranium
reaction. They suggested that oxygen controls the transport of OH"
through the oxide layer by forming defect-cluster chains that would
migrate more slowly and thereby impede the diffusion of OH"
interstitials. They observed none of the structure in the core level
satellite peaks after water vapor exposure that is characteristic of
defect cluster formation. They postulated that this was due to the
involvement of OH™ in the surface oxide growth and the presence of

hydrogen in the surface film.

It is clear that further investigation of the early stages of
uranium oxidation in water vapor and oxygen-water vapor mixtures is
needed. This is the focus of the present study, where detailed XPS
measurements of clean and oxygen-predosed uranium surfaces exposed to
water vapor are performed. Luminescence and thermal desorption
measurements are made along with the XPS measurements to characterize

more completely the surface oxides.
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3.3 Thermal Desorption Spectroscopy

Thermal desorption spectroscopy (TDS), first described by Apker
[32] and later developed by Redhead [33] for the study of gas
desorption from filaments, has been increasingly used for the
characterization of adsorption on metal surfaces The technique has
been reviewed by King [34], and more recenily by Menzel [35].
Experimentally, the sample is exposed to a measured amount of gas at
low temperatures, heated at a constanl rate, and the pressure in the
continuously pumped system recorded as a function of temperature
generating a desorption trace. The rale of desorption per unit sample

surface area, A, i1s given by

dN/dt=(V/AKT)[dP/dt+(S/V)P]

where N is the surface coverage in molecules/cmz; P is the partial
pressure of the desorbed species; V is the volume of the desorption
chamber; S i1s the effective pumping speed Kk 1s Boltzmann’'s constant
and T is the gas phase temperature. If the pumping speed is high and
the heating rate is low, the desorption rate is proportional to the

partial pressure of the desorbing gas.
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In addition to the identification of different adsorption states,
TDS measurements can provide useful information about the adsorption
process. Changes in the desorption peaks as a function of initial
adsorbent coverage can yield an estimate of the desorption reaction
order, which may indicate whether the adsorption is dissociative.
Qualitative changes in the desorption spectra after co-adsorption of
different molecular species may indicate the presence of

adsorbate-adsorbate interactions.

Quantitative analyses of desorption peaks usually rely on the
Polanyi~Wigner model which assumes that the rate of desorption from a

surface species in some state i can be written in the form

~dN, /dt=y N, *: e(~E,/RT)

where x, is the reaction order for desorption from state t; v, is a
frequency factor and Ei is the desorption activation energy. This
expression is identical to that used in the analysis of
thermoluminescence glow curves [34,35]. Because adsorption on metal
surfaces is generally a non~activated process, the desorption

activation energy E, is approximately equal to the differential heat of

adsorption, which is a measure of the chemisorption bond energy.

TDS has not been applied to the study of adsorption on uranium

surfaces, but several recent studies of H,0 adsorption on clean and
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oxygen—predosed single—crystal, transition metal surfaces with TDS

serve to 1llustrate its applicatiorn.

Jupille et al. [38] studied H,0 adsorption on clean and
oxygen—predosed Re(0001) surfaces with TDS. They found that oxygen
preadsorption prevented the dissociation »f water but did not affect
the H,0 sticking probability, indicating that the influence of oxygen
was limited to the first layer of adsorbed water Stuve et al. [39]
studied the adsorption of water on clean and oxygen—-predosed Pd(100) by
TDS, EELS and LEED. They found that H,0 adsorbed molecularly on the
clean surface and exhibited two desorption states, one due to
multilayer ice and the other due to H,0 directly bonded to the
surface. H,0 adsorbed on an oxygen-precovered surface reacted to
produce stable OH groups for oxygen coverages of less than 0.22
monoclayers, but for higher coverages, the oxygen was found to block the

initial adsorption of water molecules.

These two studies illustrate the kind of information that is
possible to obtain from TDS and provide some insight into possible
mechanisms for the inhibition of the water vapor—-uranium reaction by
oxygen. In this study, TDS measurements are performed after exposing

clean and oxygen-covered uranium to water vapor at 100 K.
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3.4 Electron—Induced Luminescence

An idealized model of an electronic semiconductor contains a
filled valence band, an empty conduction band, and a small energy gap
of several electron volts between them. Based on the approximate band
diagram in section 2, this model provides an adequate description of

uranium oxides for a discussion of the processes that occur during

luminescence.

Conduction band
- ‘
_e_ Non-radiative
recombination
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Defect .
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Fig. 3.4.1 Luminescence model; filled and empty circles represent
occupied and unoccupied electronic levels respectively.

A typical luminescence transition for such an idealized model is

1llustrated in Fig. 3.4.1. Energy is absorbed by the crystal from the

excitation source, in this case, medium—energy (5 keV) electrons. Some



33

of this energy is transferred to an electron in or near the valence
band. The eleclron is promoled to the conduction band where it is free
to travel throughout the crystal. The electron may fall directly into a

recombination center with the emission of a photon, decay
non-radiatively to a recombination center releasing its energy as heat
to the crystal or become trapped in a metastable state near the
conduction band. [f the electron is trapped, it can be released by the
energy of thermal vibrations in the crvstal to return to the conduction

band and wander again through the crysial

Electron excitation is accompanied bv strong perturbations of the
entire crystal lattice. Primary electrons lose energy through the
production of secondary electrons by the i1onization of lattice
ions. The secondaries continue to diffuse through the crystal creating
more secondaries until the electrons become thermallized. The intensity

of the luminescence increases as the beam voltage and current density

increases [40].

As previously stated, point defecls composed of oxygen vacancies
and interstitials are the dominant stoichiometric defects in uranium
oxides. Free electrons and holes produced by external excitation that
wander near the defects can be attracted to them and bound
coulombically. The trapped charges occupy localized energy levels in
the normally forbidden band gap. A study of optical transitions
involving these levels can provide detailed information about the

nature of the trapping sites and the defects responsible for their
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formation. Monitoring the changes in the luminescence spectra as a
function of oxidation conditions can aid in the determination of likely

oxidation mechanisms.

Several studies of the optical properties of uranium ions existing
as dopants in other materials have been made [39-42], but no known
investigations of the luminescence of uranium oxides have been
performed. However, studies of the luminescence properties of thorium
oxides have been done [45-47] and provide some guide to the
applicability of luminescence techniques to the study of surface

reactions on uranium.

Rodine [45] studied the thermoluminescence of thoria doped with
rare earths and correlated his results with electron paramagnetic
resonance (EPR) data obtained on the same samples. He concluded that
oxygen vacancies were the key defects giving rise to the
thermoluminescence. Bastasz et al. [46] followed the reaction of
oxygen on a clean thorium surface with AES and EIL
(cathodoluminescence). They found that the intensity of the
luminescence induced by electron bombardment was affected by both the
oxygen pressure at the surface and by the total amount of adsorbed
oxygen. On the basis of AES data they concluded that the two types of
luminescence they observed were due to a weakly adsorbed molecular
species in the case of the strong, pressure—dependent luminescence, and
to a chemisorbed species in the case of the less~intense,

pressure-independent luminescence. Their study demonstrated that
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luminescence intensity measurements can provide important information
about adsorbates on surfaces that may not be obtainable by other

means. Vook et al. [47] examined the cathodoluminescence of thorium
metal surfaces exposed to various gas mix'ures. The luminescence was
interpreted as arising from the format.on of ThO, and the excitation of
F-centers in the form of oxygen vacanc es Exposure to CO was found to
leave as much oxygen on the surface as exposure to Oy, but did not

produce appreciable luminescence.

Luminescence measurements can provide qualitative information
regarding the relative concentration of defects and can be sensitive to
the concentration of adsorbed gases. Qualitative differences should
appear in the spectra of samples prepared in different oxidizing
environments. These differences can be related to differences 1n the

defect structure of the various oxides.

Luminescence measurements are performed on samples prepared from
clean uranium surfaces exposed to increasing amounts of dry oxygen,
carbon monoxide and pure water vapor. All exposures are performed at
room temperature. Emission spectra are measured at various temperatures

between B0 K and 298 K.
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4. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental measurements were performed in two separate
ultra—high vacuum systems. The majority of luminescence and thermal
desorption measurements were performed in one system, hereafter
referred to as system A, while the XPS measurements were performed in
system B. Many of the Auger and thermal desorption experiments were
carried out in both systems to test the reproducibility of the data.
The use of two separate systems was necessitaped by the lack of XPS
capabilitly in the system originally chosen for this study and the

subsequent need for XPS measurements.

This section is organized into three parts. The first describes
the analysis chambers, the procedures and apparatus for gas handling
and the method for controlling the sample temperature. The second part
contains the details of sample preparation where procedures for sample
cleaning and exposure to reactant gases are given. The experimental
aspects of making the measurements are discussed in the last part. A
description of the measurement equipment and detailed experimental
procedures are given, as well as methods of recording and storing the

data.
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4.1 Bxperimenlal Apparalus

Both systems A and B consisted of standard stainless—steel
ultra—high vacuum chambers with base pressures below 1 x 1078 Pa. The
vacuum was maintained for each system by a liquid nitrogen (LN)-trapped
diffusion pump and an ion pump equipped with a water—cooled titanium
sublimator. Pressure in the sample chambers was monitored with a

single Bayard—-Alpert ionization gauge operated at 10 wA current.

Sample chamber A was equipped with a single-pass cylindrical
mirror analyzer (CMA) for Auger electron analysis; a 0-5 keV
sputter—ion gun for sample cleaning; a quadrupole mass spectrometer for
residual gas analysis and a 0-5 keV grazing incident electron gun for

luminescence excitation.

System B was equipped with a scanning Auger microprobe (SAM)
(single-pass CMA) for Auger electron analysis; an AES/XPS double-pass
CMA for XPS measurements; a differentially-pumped sputter—ion gun for
sample cleaning; a dual-anode X-rav source for XPS excitation; a

quadrupole mass spectirometer and a grazing incident electron gun.

Thermal desorption experiments required temperatures below 100 K
and the ability to increase the lemperature in a linear fashion. Sample

cooling was also desirable for luminescence and XPS measurements. For
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this purpose, a liquid nitrogen—cooled cold finger was designed and

constructed as shown in Fig. 4.3.

Fig. 4.3 LN~cooled cold finger and sample mount; a) Reservoir, b)
Copper plug, c) Supply lines, d) To DC power supply, e) Sample heater,
f) Sample cap, g) Sample, h) Thermocouple junction.

The cold finger consisted of a thin stainless—steel cylinder with
a copper plug vacuum-brazed onto one end. The copper plug, whose face
was oriented 60 degrees with respect to the horizontal, was designed to
hold a Varian 50 W molybdenum sample heater, on which the sample was
mounted. A detailed discussion of sample mounting procedures is given
in section 4.2. To cool the sample, liquid nitrogen at ~20 psi was
circulated through the sixteenth-—inch diameter stainless—steel lines
that supplied and vented the cold finger reservoir. Cooling from room
temperature to B0 K took about five minutes. The sample temperature

could be varied from 80 K to 1100 K.
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A simple temperature programmer was constructed to produce the
required linear heating. The initial temperature and desired heat rate
were set on the programmer which monitored the temperature via the
thermocouple emf. Using standard feedback techniques, the healer was
supplied with whatever power was required to make the thermocouple
voltage increase at a linear rate By maintaining a flow of liquid
nitrogen during heating, the sample could be cycled from 80 K to 373 K

continuously while maintaining linearity i1n the heating rate to within

Each of the experimental sysiems i1ncluded an inlet system for the
introduction of gases into the sample chambers. Bottles of
research-grade oxygen (99.997%), carbon monoxide (99.999%) and carbon
dioxide (99.999%) were mounted on precision leak valves attached to the
inlet system, shown in Fig. 4.4. Prior t¢ opening the gas bottle
valves, the inlet lines to the bottles were evacuated to below 0.133 Pa
with a LN—-trapped mechanical pump. The inlet lines were flushed several
times by cracking open the gas bottle valve with the leak valve closed
to fill the inlet line, then closing the gas bottle valve and
evacuating the line by opening the leak valve. This procedure removed
water vapor and air adsorbed on the tefloun packing of the gas bottle
valve. After flushing, the inlel lines were heated to ~373 K and pumped
on for several hours with the diffusion pump to minimize water vapor
contamination. After the inlet lines cooied to room temperature and the

pressure in the main chamber fell below .7 x 1077 Pa, the leak valves
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were closed and the gas bottle valves fully opened. During exposures,
the gases were bled into the vacuum chamber through the leak valves

without further preparation.

(=09

Fig. 4.4 Gas Inlet System; a) To sample chamber, b) Baffled
chamber, c) Calcium with heater, d) Leak valves, e) Gas bottles.

Argon used for sputter—cleaning was stored in a three liter
chamber containing a calcium getter for the removal of water vapor and
oxygen. Before introducing the research grade argon (99.9998%) into the
chamber, it was evacuated to less than 0.133 Pa with a LN-trapped
mechanical pump. The chamber walls were then heated to ~425 K and the
calcium heated to 955 K to coat the baffles of the chamber with calcium
by evaporation. When the pressure fell to below 0.133 Pa during this
heating, the mechanical pump was valved off and the chamber opened to
the diffusion pump. The chamber was evacuated to less than 4 x 107% Pa
before il was isolated from Lhe pumps and then filled to 20 psi wilh

argon. After several minutes the heat was reduced, but only to 373 K to



prevent a protective oxide layer from forming on the calcium. A single
charge of argon prepared in this manner would last for several months
of sputtering. This procedure was fol:owed every time the system was
brought up to atmospheric pressure becausc the system was backfilled
with argon through the calcium getter chamber. Contamination of the
argon prepared as above was estimaled 'o be less than 1| ppm for both
oxygen and water vapor based on a residua gas analysis of the argon

with the quadrupole mass spectromeler.

T
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Fig. 4.5 Water vapor handling apparatus; a) Quartz envelope, b)
Water, c) Argon purge inlet, d) To mechanical pump, e) Copper coil for
purge exhaust, f) Leak valve, g) Dosing needle.

The apparatus for delivering water vapor to the sample is shown In

Fig. 4.5. Doubly—distilled, de—ionized H,0 or spectroscopically pure
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D,0 obtained from Aldrich Chemical Company was used for the water vapor
exposures. The water was contained in a quartz envelope that was fused
to a kovar sleeve attached to a stainless~steel conflat flange. A
stainless-steel tube dropped down from the mating flange to the bottom
of the ervelope and was used to pass research grade argon through the
water to remove all traces of air, especially oxygen. The argon was
passed through the water and out through an opening in the mating
flange to a long coil of 1/8 in. id copper—tube that was used to
prevent the back diffusion of air during purging. After a thorough
argon purge of ~10 minutes, the envelope was evacuated to the vapor

pressure of water (~2.26 kPa at 298 K) by a LN-trapped mechanical

pump.

During exposure, the water vapor in the envelope passed through a
precision leak valve to a sixteenth~inch diameter stainless—steel
capillary whose opening could be positioned directly in front of the
sample. The calibration of exposures through the capillary is discussed
in section 5. Contamination of the water vapor by oxygen was estimated
to be less than 1 ppm based on a residual gas analysis with the

quadrupole mass spectrometer.
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4.2 Sample Preparation

Substitutional impurities wilh vaiences different than that of
uranium (U+4) can alter the electronic defect density and therefore
affect the oxidation processes of uranium Similarly, luminescence
measurements can be sensitive to small amounts of rare earth impurities
that can interfere with the luminescence of the oxides themselves. The
use of high—-purity uranium metal ensured that the effects of
substitutional impurities were minimized. The high affinity that
uranium has for surface contaminants such as carbon and oxygen required
unusual care in the production and maintenance of clean metal surfaces
prior to exposure to reactant gases. Ultra—high vacuum (UHV)
conditions (<1 x 1078 Pa) had to be maintained i1n order to limit the
contamination of the clean surface by residual gases in the vacuum

system before exposures.

High-purity (<100 ppm total metaliic impurities) polycrystalline
depleted uranium metal coupons (6 mm x 6 mm x 1| mm) were prepared for
mounting in the UHV system by first etching in a 50%-50% solution of
distilled water and nitric acid (Analytical Reagent 70% HNOS) for ~5
minutes to remove surface oxide lavers, and then rinsing in ethyl
alcohol. The samples were then mechanically polished with silicon
carbide paper (280 grade) until al’' gross macroscopic defects (deep

scratches, cut marks, inclusions e¢lc.) were removed. They were further



polished with fine silicon carbide paper (600 grade) until their
surfaces appeared smooth and uniform. At this stage, the samples were
shiny and had a silvery color. The impurity analysis of the uranium

samples 1s given in Table 4.2.1.

Oxidation Impurity

Element States Level(ppm)

C T9

N 17

0 18

Ca +2 0.2

Mo +6 0.03

Ti +2,+3,+4 0.2

Al +3 10

As +3,45 0.06

Nb +3,+5 0.01

Cr +2,+3,+6 3.1

Ni +2,+3 5

Si +2,+4 10

P +3,+5 1.2

W +6 0.05

Cu +1,+2 2

Pb +2,+4 3.6

Sr +2 0.01

Zn +2 10

Fe +2,+3 12

Mg +2 n

Mn +2 7.7
Total Metallic Impurities 97

(inctuding unlisted elements)

Table 4.2.1. Impurity Analysis of Uranium Samples.

The samples could not be mounted directly on the Varian 50 W
molybdenum heater because either molybdenum diffusing through the
sample upon heating or molybdenum sputtered from the heater could
contaminate the sample. A 0.5 mm thick uranium—foil cap was machined

for use as a buffer between the heater and the sample. The cap was
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etched and polished as described above. The samplc was spot-welded to
the cap to provide good thermal contact. The mounted sample was next
polished with 6 um diamond paste. After a [inal polish with 1 um
diamond paste, the sample was ultrasonically cleaned in distilled water

and mounted on the molybdenum heater.

The cap was fashioned to fit snugly over the heater to maintain
good thermal contact between the heater and the sample. The heater was
coated with a MgO/methanol slurry Lo minimize the potential for
alloying between the molybdenum heater and the uranium cap. A type K
thermocouple junction was wrapped with tantalum foil and spot-welded to
the side of the cap to monitor the sample temperature. The tantalum
foil prevented the alloying of the thermocouple metals with uranium in
the cap. The heater with the sample was then placed on the liquid

nitrogen—cooled cold finger.

The thermocouple measured the temperature of the side of the cap
and not of the sample surface. However, the temperature gradient
between the sample surface and the cap was estimaled to be small
because of the good mechanical contact between the sample and the cap.
Also, the small mass of the sample compared to that of the cap ensured
temperature uniformity. Measured temperatures are estimated to be

accurate to within 5%.

As soon as the heater was mounled, the manipulator was placed in

the UHV system and the chamber was evacuated. A system bake—out at 425
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K for 48 hours produced the desired pressure (~1 x 10”8 Pa) in the

sample analysis chamber.

The sample surface was sputtered at 298 K with 2-3 keV Ar* ions
(5.2 x 1073 Pa Ar) at ~20 wA/cm? until the oxygen (KLL) Auger signal
was no longer detectable, This took about eight hours. The sample was
then slowly heated to 1073 K while sputtering, its temperature
maintained at 1073 K until no oxygen could be detected, and then
allowed to cool to room temperature while still sputtering. The sample
was then annealed in vacuum at 1073 K for several minutes and allowed
to cool. This sputter—anneal process was continued until the surface
remained free of oxygen and other contaminants from the residual gas
for at least several minutes at room temperature. The uranium surface
remained clean (<0.1% of a monolayer of oxygen) for typically three
minutes in flowing argon. This was enough time to pump out the excess
argon from the chamber and introduce the reactant gas into the system

before contamination of the sample by residual CO occured.

All gas or vapor exposures were performed in a dynamic mode, with
the gas flowing from the leak valve to the sample chamber and out
through a throttled gate valve to the diffusion pump. Before exposing
the uranium surface to reactant gas, it was sputter—cleaned while
monitored with AES to ensure that a clean surface had been
obtained. The standard of cleanliness is discussed in section 5.
Sputtering took place in a dynamic flow of argon through the chamber.

During sputtering, the ion pump was turned off and the ion pump valve
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left open to allow the active titanium surfaces lo remove any remaining
impurities in the argon. Just before the 1ntroduction of a reactant gas
to the system, the argon was valved off and rapidly pumped out. When
the pressure reached below 2.6 x 1077 Pa (~1 minute), the ion pump was
turned on and isolated from the sample chamber. The pressure dropped
below 1.33 x 1077 Pa after 2 minutes whereupon the reactant gas was
introduced at the appropriate pressure (usually 6.6 x 1078 Pa). All
exposures were measured in Langmuirs (1 L = 1.33 x 1074 Pa-s) and
calibrated to provide an estimate of the surface coverage as described
in section 5. The sample was thoroughly ~leaned between exposures
either by sputter cleaning at room temperature or by sputter-anneal
cycling 1n the case that oxygen could not be removed easily from the

sample surface.
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4.3 Experimental Procedures

4.3.1 AES

AES measurements were performed with a standard Physical
Electronics (PHI) single-pass cylindrical mirror analyzer (CMA) in
system A, and with a PHI AES/XPS double-pass CMA or a single-pass
scanning Auger microprobe (SAM) in system B. The samples were excited
by an electron beam from the analyzer at either 3 or 5 keV at typical
beam currents of 20 uA. Before acquiring Auger spectra, the sample was
always aligned with the spectrometer such that the maximum elastic peak
signal from a 2 keV electron beam appeared at the 2000 eV analyzer ramp
voltage. This was done to maximize the Auger signal and to provide a

reproducible starting point for the Auger measurements.

Auger measurements of clean and exposed samples were performed for
electron kinetic energies between 50 and 1000 eV because all elements
have strong Auger peaks in this range. During Auger measurements, the
electron energy analyzer was ramped from 50 to 1000 eV with a
peak—to-peak modulation voltage between 1 and 6 eV. Electrons
collected by the analyzer were measured with an electron multiplier
operating between 1000 and 1200 V. The signal was passed to a lock—-in
amplifier where it was electronically differentiated. In system A the

Auger spectra were displayed on an oscilloscope and recorded on a chart
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recorder. In system B, a Nicolet multichannel analyzer was used to
record the spectra which were transferred directly to a PDP-11/23

computer system for storage and analysis.

The Auger spectrum from a sample was continuously monitored on an
oscilloscope during sputter—cleaning. When the Auger O (KLL) transition
signal could no longer be detected, the sample was considered clean
(more about the standard of cleanliness 1n the next section). Before a
reactant gas exposure, the argon in the chamber was pumped out, all
filaments except the ionization gauge and electron beam were turned off
and the reactant gas was let into the chamber at 0.6 x 1078 Pa. The
oxygen (KLL) transition signal was then recorded at one minute (3 L)
intervals for up to 20 minutes (60 L). A plot of the O (KLL)
peak—to—-peak intensity v.s. exposure allowed a direct determination of
the exposure required for saturation. The Auger spectrum from 10 to
700 eV was also recorded at regular intervals to monitor changes in the

surface composition as a function of exposure.

4.3.2 XPS

The samples were aligned for the XPS measurements by adjusting the
position of the sample in front of the elcctron analyzer to maximize
the Auger elastic peak signal at 2000 eV. The dual—anode (Mg or Al)
X-ray source was positioned close Lo the sample surface at grazing

incidence and adjusted to maximize the photoelectron signal. Thus both
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AES and XPS measurements could be performed without having to

reposition the sample.

The X-ray source was operated at 300 watts and illuminated a spot
approximately 4 mm x 10 mm. All measurements were made using the Mg
anode which produced Mg Ka radiation at 1253.6 eV that was partially

filtered to reduce bremstraliung.

The analyzer had an aperture that was adjusted to accept only
photoelectrons from a 4 mm diameter circular area of the sample. The
analyzer was calibrated by adjusting the ramp energy to the Au 4f7/2
photoelectron peak at 84.0 eV and the Cu 2p3/2 photoelectron peak at
932.6 eV. The analyzer was operated in the pulse—counting mode with a
pass energy of 50 eV,; at this energy, the Au 4f7/2 photoelectron peak
full width at half maximum (FWHM) was 2.2 eV. Multiple scans were
accumulated at a 10 eV/s scan rate to obtain a good signal—to-noise
ratio. XPS spectra were recorded by a Nicolet multichannel analyzer
and were transferred directly to a PDP 11/23 computer system for

storage and analysis.

XPS spectra of clean uranium, and clean uranium exposed to dry
oxygen and pure water vapor were taken at room temperature to compare

the oxides produced by the two reactants.

Clean and oxygen-covered uranium surfaces were cooled to 85 K and
exposed to various amounts of water vapor through the capillary doser.

Several! minutes after the exposure, the chamber pressure returned to
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the low 1078 Pa range and the X-ray source was turned on. The sample
was then heated to drive off the condensed water vapor. Because the
pressure in the chamber could rise several orders of magnitude near a
desorption peak, the X-ray source was turned off during this

heating. When a particular temperature of interesl was reached, the
sample would be rapidly recooled to lower the pressure and the XPS
spectra were recorded. In this way, the water vapor reaction with the

surface could be slowed and studied in various stages of completion.

4.3.3 TDS

Before exposing a clean uranium sample to water vapor for thermal
desorption experiments, it was cooled to below 100 K while
sputter—-cleaning. When the temperature had stabilized and the sample
was determined to be clean, all filaments except those in the mass
spectrometer and ionization gauge were turned off. The argon in the
chamber was pumped out and the sample moved in front of the dosing
needle. When the chamber pressure fell be ow 2.6 x 1077 Pa (~1 minute
after sputtering stopped), the ion pump was turned on and 1solated from
the sample chamber, and water vapor was let in through the dosing

needle to a pressure of 1.33 x 1079 Pa.

With the sample in front of the dosing needle, the exposure was
enhanced by a factor of twenty which was experimentally determined (see

next section). Water vapor saturation coverages could be adsorbed on
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the sample surface without contaminating the sample chamber with large
amounts of water vapor. However, successive exposures to water vapor
did eventually increase the base pressure of the analysis chamber. When
the base pressure would not fall below 1.33 x 10”8 Pa, the system was

baked overnight at 425 K.

After a water vapor exposure, the chamber was evacuated with the
diffusion pump. The mass spectrometer was set at 18 amu (20 in the
case of DZO) and the sample positioned near the opening to this
instrument. Positioning the sample in approximately the same place
before each desorption experiment eliminated any position dependence in
the desorption traces. With the pressure at ~1.33 x 10~7 Pa, the
temperature ramp was started. The 18(20) amu mass spectrometer signal
and the thermocouple emf were simultaneously recorded on'a strip chart

recorder.

There are some experimental problems that can complicate the
quantitative interpretation of thermal desorption spectra. The problem
of non—linearity in the heating rate was not serious here because the
temperature programmer maintained linearity to within 2%. Readsorption
of desorbed gas can always occur but is not significant in these
experiments because the pressure in the sample chamber during a
desorption peak never rose above 2.6 x 1075 Pa, and after each peak,
fell back to the low 10°7 Pa range in just a few seconds. The high
pumping speed of the diffusion pump (~150 liters/s) and the low heating

rates used ensured that readsorption was minimal. Desorption from
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sample supports was examined by repeating some desorption measurements
with the sample surface positioned awav [rom the dosing needle during
water vapor exposure. In each case, no desorption peaks could be
detected with the quadrupole mass speclrometer using the same
sensitivity as in the measurements with the sample in front of the

dosing needle during exposure.

4.3.4 EIL

Luminescence was excited with 5 keV electrons at a typical current
density of 50 mA/cmz. Light emitted from the sample surface passed
through a glass viewport and was collected by a quartz telescope. The
telescope contained a precision aperture that was adjusted to allow
only light emitted from the excited area of the sample to pass through
the telescope. The aperture was adjustable from 6 minutes to 3 degrees
of arc. The telescope was focused on the sample surface and light from
the luminescence was focused on the slit «f a monochromator. The slit
width was varied from 2000 um for faint signals to 25 um for bright
ones. The grating of the monochromator was blazed at 450 nm and ruled
with 150 grooves per mm allowing a spectral region 600 nm wide to be
viewed. The wavelength range for all luminescence spectra was 300 to
900 nm. The light passing through the monochromator was collected by a
diode array backed by a channel plale which was cooled to 268 K to
reduce noise. The spectra, usually composed of several hundred scans of

one second each, were stored in a multichannel analyzer for subsequent
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analysis. Spectral lines from a mercury arc lamp were used to
calibrate the spectrometer. All spectra were corrected for the response
of the telescope-monochromator—detector system using a standard lamp
with a known output. This response is shown in Fig. 4.3.1. Spectra
were also corrected for the optical characteristics of the glass

viewport through which the luminescence emission was measured.
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Fig. 4.3.1 Spectral response of luminescence detection system.

Clean uranium samples were exposed to a reactant gas with all
filaments turned off, except the ionization gauge. After exposure the
chamber was evacuated, all light sources in the chamber and the room
were turned off and Lhe luminescence scan begun. The light from the
filament of the electron gun used for exciting the luminescence as well

as that from several small light sources in the room that could not be



conveniently turned off may have been detected by the spectrometer
during the luminescence measurements. Background removal was therefore
performed by repeating each set of scans with the electron accelerating
voltage turned off and subtracting the result from the initial
spectrum. The use of the telescope aperture and background subtraction

ensured that each spectrum represented only the luminescence emitted by

the excited region of the sample.



56

5. EXPERIMENTAL RESULTS AND DISCUSSION

The purpose of this study was to characterize the reaction of
clean uranium metal surfaces with small amounts of various atmospheric
gases and the resulting oxides. [t was hoped that any new information
obtained would provide a better understanding of the initial stages of
uranium oxidation. The reaction of clean uranium with CO, CO,, O, and
H,0 has been studied at low exposures with surface techniques and at
high exposures with thermogravimetric techniques. Although the
previous studies do not afford a complete understanding of these
reactions, they do provide a firm foundation for further investig-
ation. Because the state of knowledge of the initial stages of the
water vapor—uranium reaction is particularly poor, this reaction was

made the focus of the present study.

The results presented in this section show that uranium oxidation
is quite complex for low exposures of reactant gases and vapors. The
data provide important clues to four aspects of the initial surface
oxidation reaction: the surface adsorption processes, the nature of
ions transported through the oxide layer, the electronic defect

structure of the oxide layer, and the surface oxide growth morphology.



5.1 Auger Eleclron Speclroscopy

One of the main advantages of using surface-sensitive techniques
to probe oxidation reactions is the ability to obtain well
characterized substrates at each stage of the oxidation process. The
starting point for any surface oxidation =tudy must be a clean
surface. The production and maintenance of clean surfaces 1s most

easily determined by AES, which allows the detection of carbon and

oxygen contamination lo about 0.1 at’.
T T T ‘ T T T [ L T I T 1 T
O(KLL)
v
WW
L i | |
ﬁ r“w 400 500 600 700
dN
dE /
h,f\'(\ o -
Ve oy
C(KLL)
L | i ;
240 260 280 300
i | ! | 1 It | | | I | 1 | L
0 100 200 300 400 500 600 700 800
eV

Fig. 5.1.1 Auger spectrum of c(lean uranium which defines the
standard of cleanliness in this study. The position of oxygen and

carbon is marked, all other lines have becn assigned to uranium
[48,49].



58

The Auger electron spectrum of clean uranium is shown in
Fig. 5.1.1. The spectrum was taken with an excitation beam energy of 3
keV, beam current of 25 A, modulation voltage of t eV peak—to—-peak,
using a time constant of 30 ms. The spectrum is in good agreement with
published spectra of clean uranium [50,51]. The two major contaminants
of a clean uranium surface are carbon and oxygen. The oxygen (KLL)
transition appeared in the Auger spectrum at ~505 eV and was easily
removed after several hours of sputter—anneal cycling. The carbon (KLL)
transition appeared as a small peak at ~268 eV just to the left of the
uranium (NOP) peak at 275 eV. This was more difficult to remove from
the Auger spectrum than the oxygen peak. All efforts to completely
remove this peak in the Auger spectrum were unsuccessful. Even after
several days of repeated sputter—anneal cycling, the peak would not
completely disappear. The secondary—ion mass spectrum (SIMS) for clean
uranium showed that the C~ peak was only about 5% as large as the O~
peak under identical sputtering conditions (see Fig. 5.2.3). Because
the relative sputter yield of carbon is about twice that of oxygen [52]
and oxygen was not detected by AES, it must be concluded that the

carbon content of the near surface was negligible.

AES is about an order of magnitude more sensitive to surface
contamination by oxygen and carbon than XPS. The standard of
cleanliness used in this study was therefore the disappearance of the

oxygen peak in the AES spectrum, as in Fig. 5.1.1 above. Before each
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exposure lo a reactant gas, the Auger spectrum of the surface was

recorded to make sure that there was nc detectable oxygen.

Studies with atmospheric gases were made (o determine what
exposure of each was required to produce & surface saturation
coverage. The sample chamber was backfilled wilh continuously flowing
reactant gas, through a precision leak va!ve, lo a pressure of 6.6 x
107% Pa and the 0 (KLL) peak—to-peak intensity was recorded at one
minute intervals. The O (KLL) signal is plotted as a function of

exposure in Fig. 5.1.2.
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Fig. 5.1.2 Saturation curves for clean uranium exposed to
atmospheric gases.

Carbon monoxide saturated the surface after 7.5 I, with a final

oxygen peak intensity less than hall thal for either 0, or H,0. The



60

initial slopes for oxygen and carbon monoxide are about the same while
that for H,0 is slightly less, possibly indicating a slower initial
reaction rate. Saturation for O, and H,O was reached after about 40 L
and 36 L coverage, respectively, although both curves were still
gradually increasing after 40 L. The electron beam necessary for the
Auger measurements has a definite but unknown effect on the reaction of
uranium with each gas, so that only qualitative comparisons can be
made. However, these curves are useful in calibrating gas exposures as

a percentage of surface saturation.

Roughly speaking, the O, and H,0 saturation curves can be divided
into three regions. The initial ~linear rise (slope~0.5 L7!) in the O
(KLL) signal is indicative of rapid, coverage-independent (constant
sticking coefficient) adsorption and oxide formation. A change of
slope occurs between 10 and 25 L exposure which correlates with the
splitting of the U (OVV) valence peak (see below). At this point,
oxygen adsorption slows as more of the reactive metal is covered by the
less reactive oxide. The gradual ~linear rise (slope~0.04 L™!) beyond
25 L exposure indicates that the metal surface is completely covered by
the oxide. Oxidation reaches a steady state as oxygen has to diffuse
through the oxide layer before reacting with the bulk metal. The
continuing increase in the 0 (KLL) signal! beyond 40 L exposure may be
due in part to the accumulation of chemisorbed or interstitial oxygen

on the oxide surface.
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The dosing needle was calibrated by measuring the oxygen Auger
peak—-to-peak intensity as a funclion of waler vapor exposure for the
sample surface placed in front of the doscr opening during
exposures. The shape of the saturalion curve was the same as in
Fig. 5.1.2, but saturation was reached afler only 1.8 L, giving an
enhancement factor for exposures through the dosing needle of 20. This
agrees well with a theoretical calculation for the enhancement factor

(~18) based on a formula applicable to sitgle—capillary needle dosers

[54].

The reaction of clean uranium with dry 05, pure H;0, and CO at
room temperature was followed with AES as shown in Figs. 5.1.3-5,
respectively. Progressive oxidation produced distinct changes in the
AES spectra that are readily apparent in the three figures. In
particular, the uranium (OVV) peak just tc the right of the uranium
(OPV) peak at 72 eV split at about 10 I coverage with the new component
moving to progressively higher energies a~x the oxidation continued. The
peaks near 275 eV also underwent drastic changes as oxidation
proceeded, indicating a strong interaclion between the reactants and

the metal surface.

The uranium (NOP) peak at 275 eV decreased in intensity as
exposure to O, and H,0 progressed, and was reduced to about 20% of its
initial peak—-to—peak height at saturation The oxygen (KLL) peak at 505
eV increased in inlensity during lthese exposures to become the dominant

peak, while the peak at 268 eV increased 'n intensity up to 10 L
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exposure and then almost completely disappeared at saturalion (see
Figs. 5.1.3-4). There is a moderalely strong uranium (NOP) transition
at 270 eV that could account for this peak [48], as could carbon

contamination from CO in the residual gas during exposure.

The behavior of these peaks was modified somewhat for exposure of
clean uranium lo CO. The intensity of the uran:um (NOP) peak al 275 eV
after exposure to 10 L CO was about the same as the corresponding peak
after exposure to 10 L HyO or O0,, while tne oxygen (KLL) peak intensity
was significantly reduced. The peak intensity al 268 eV was 63%
greater afier 10 [ CO than after 10 L 4,0 or 0,, which indicates ihat

adsorbed carbon (C (KLL)) i1s responsible for the peak at 268 eV.

McLean el al. [26] have studied the reaclion of clean thorium and
uranium exposed to saturation coverages of CO and O,. They observed
similar AES spectra after saturation with CO and O,, and showed that
afler exposure to 10 L CO, a subsurface carbide iayer was formed
underneath the oxide. Assuming that the peak at 268 eV is mostly due lo
the carbon (KLL) transition, the disappearence of this peak as exposure
to 0, and H,0 was increased can be understood as a result of the
elimination of CO adsorption sites on the metal through chemisorption
of oxygen, and the covering up of the 1nitially adsorbed CO [26]. The
carbon (KLL) peak intensity reached its maximum and began to decrease
just as the uranium (OVV) peak at 90 eV split, indicating the formation

of an oxide layer. The C/0 ratio {(~1) at the uranium surface after



66

exposure to 10 L CO is the same as that found by McLean et al. [28], so

that subsurface carbide formation must have taken place.

The lower exposure (10 L) required to saturate the clean uranium
surface with CO compared to that required for 0, or H,0 saturation (40
L) results from the reactivity of the carbon with the metal
substrate. Carbon atoms compete with oxygen atoms for adsorption sites
on the surface, even though the carbon eventually travels below the
surface to form uranium carbide [26]. This competition reduces the
amount of surface oxygen available for oxide formation and results in

the lower AES oxygen signal at saturation.

Ellis [24] has reported the formation of a stable UO phase after
sequential oxygen saturation and heating of clean, high-purity
uranium. UO has been proposed to exist in the presence of uranium
carbide [25] and might exist as a transient phase during uranium
oxidation, but its formation as a stable surface phase has not been
substantiated. Here, Ellis’ prescription [24] was followed and the
surface monitored with AES in an attempt to verify whether stable UO

could be produced.

Beginning with clean, annealed, high-purity uranium (see
Fig. 5.1.1), the surface was exposed to 10 L dry oxygen. A large oxygen
signal (~60% of the U (OPV) peak at 72 eV) from the 0 (KLL) transition
was observed immediately after the exposure. This was not a surprising

result, but was contrary to the findings of Ellis, who observed no
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oxygen signal for this exposure. He concluded that the oxygen was
rapidly transported into Lhe bulk, thereh. leaving no detectable oxygen
on the surface. In this study, a detectabile oxygen signal normally
appeared on clean uranium in ~3 minutes al pressures of ~I1 x 1078

Pa. That Ellis could not detect the oxyger signal after 10 L O,
exposure shows thal the sensilivity of his system (a 4—grid LEED/Auger
analyzer) was much lower than typical AES sensilivities available

today .

Continuing with Ellis’ exposure schedule, afler each oxygen
exposure, the O (KLL) signal grew, while during heating, the signal
diminished. This pattern was observed for cach of Lthe steps in the
exposure schedule and is clearly due to the diffusion of surface oxygen
into the bulk during heating as noled by E lis [24]. At the last step,
saturation of the surface with 150 L 0,, an 0/U ratio of ~2.4 was
observed, 1ndicating the presence of chemicorbed oxygen on the
saturated surface. Heating to 973 K reducecs this ratio to ~0.5, not ~I
as claimed by Ellis [24], as oxygen was removed from the surface and
transported into the bulk. After cooling t¢ 298 K, this ratio decreased
even further to ~0.25. XPS measurements of the surface at this stage
were similar to those for clean uranium saturated with oxygen at 298 K
(see Fig. 5.2.4b.c), except for even small»r oxide contributions to
the core and valence level spectra. No unusial features were observed
that might have indicated the formalion of . new phase. This is

consistent with the interpretation that surface oxygen is continuously
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diffusing into the bulk and that this diffusion is accelerated by

heating.

The repetition of Ellis” experiment took several hours, and in
that time, significant carbon contamination from CO in the residual gas
took place. A strong C (KLL) peak was observed in the AES spectra
after each heating, which disappeared after subsequent oxygen
exposure. It is likely that formation of oxycarbide (UOny. x~y~1)

layers took place on the surface, which has been previously observed

[53].
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5.2 X-Ray Pholoelectron ~pectroscopy

A broad scan of the X-ray photoelectron spectrum of clean uranium
indicating the origin of major peaks is shown n Hig. 5.2.1. Three
regions of the spectrum are of interest 11 this study: the U 4f core
levels at ~3B0 e\, the O 1s core level at ~530 ¢V, and the valence band

region (~0-35 eV) jusl above the Fermi encrgy.
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Fig. 5.2.1 Survey scan of the X-ray photoeleclron spectrum of
clean uranium.

The behavior of these regions for exposure of clean uranium to
saturation coverages of water vapor and div oxvgen at 298 K is shown 1n

Figs. 5.2.2-4. The first spectrum in eact [igure reflects the true
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signal—-to-noise ratio of the experimental data, all other spectra have

been numerically smoothed.

The peak energies, widths and relative intensities are compiled in
Table 5.1. Some binding energies and all peak widiths were determined
by fitting the spectra using a combination of Gaussian and Lorentzian
peak shapes [55]. An example of the fit is shown in the inset of Fig.
5.,2.2. Unfortunately, the fits were usually not unique so that care
must be excercised when comparing peak intensities. However, the trends

exhibited in the O 1s peak intensities are believed to be correct.
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f'ig. 5.2.2 The O 1s spectra for a) clean uranium, b) U + 40 L O,,
and c) U + 40 L D,0 at 298 K.

Ciean uranium exposed to 40 L O, produced a nearly symmetric O 1Is
peak at 531.0 eV in agreement with previous results [26] as shown in

Fig. 5.2.2. This binding energy is 1.0 eV higher than that reported
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for U0, , [13,31]. The significance of this shifl is discussed
shorlly. A small component (~7% of the total ntegrated peak
intensity) was also observed at 533.0 ¢V. (lean uranium exposed to 40
L D,0 resulted in a broader, more asymmetric peak that was shifted
higher in binding energy to 531.3 ¢V. The asymmetry in this peak also
resulted from a small component (~i14% of 'he tolal integrated peak

intensity) at 533.4 eV (see inset tig. 5.2.2).

Yates and Erickson [56] have reported a small residual peak in the
O 1s spectrum after adsorption of 0, on the W(111) surface at 120
K. Because the area of the residua peak -~emained constant for
increasing oxygen exposures, it was at!ributed to multiple surface
binding states of oxygen and not to energv loss processes. Moroney et
al. [57] have studied the thermal decomposition of ENiO(OH) with
XPS. Upon heating the surface to 773 K. they observed an asymmetric O
ls spectrum. The main peak at 529.7 eV was attributed to 0%~ in the
surface oxide. The smaller companion peak at 531.7 eV was attributed to
chemisorbed or interstitial 022_ or O speciles because the hydroxide,
which produced a peak at 531.4 eV at lower temperatures, had been
completely driven off upon heating. Simi arly. Au et al. [58] studied
the reaction of water vapor on an oxygen—predosed Ag(110) surface. They
also observed two components in the 0 's spectrum after oxygen exposure
at 473 K. They assigned the main peak at »30.3 e\ to 02~ from the oxide

and the companion peak at 532.5 eV to s~trongly chemisorbed 0,7
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Strongly chemisorbed oxygen has been shown to exist on thoria
surfaces at room temperature and to persist even at elevated
temperatures [59]. Similarly, strongly chemisorbed oxygen has been
observed on Ag(110) at 473 K [58]. The ability to achieve 0/U ratios
in excess of 2 for low coverages (see seclion 5.1) suggests that
chemisorbed oxygen forms readily on uranium surfaces as well. The
strong chemisorption of oxygen on uranium oxides has been previously
proposed [60]. Therefore, the small companion peak in the O s
spectrum for exposure of clean uranium to oxygen may be due to

chemisorbed 02_ or 07

The difference in the relative intensity of the O ls companion
peak for oxygen saturation (7%) compared to water vapor saturation
(14%) suggests a different origin for this peak in the case of water
vapor adsorption. Koel et al. [61] studied the adsorption of D,0 on
clean polycrystalline Ce surfaces. They observed two peaks in the O 1s
photoelectron spectrum after saturation of the surface with D,0 at 300
K. The main peak observed at 530.3 eV was attributed to the formation
of an oxide, and the companion peak at 532.7 eV, which was ~30% of the
total integrated peak intensity, was attributed to adsorbed OD. Roberts
and Wood [62] observed similar behavior after adsorption of water vapor
on clean Fe surface at 290 K. Two peaks in the O 1s photoelectron
spectrum were observed at 530 eV and 532 eV, attributed to chemisorbed
oxygen or surface oxide, and adsorbed hydroxyl groups, respectively.

On the basis of these studies, the small companion peak observed in the
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O Is spectrum after water vapor exposure :s lentalively assigned to the

presence of an OD-complex on the surface »r to incorporation of OD into

the oxide lattice. However, strongly chemisorbed 0,7 or O cannot be
ruled out. MacCrone et al. [18] studied the oxidalion of uranium metal
and UO, in pure waler vapor and walter vapor—oxvgen mixtures wilh

EPR. They found that the UO, surface was highlv reactive with water
vapor and proposed that the EPR results were consistent with the
hydrolysis of water on the surface to produce surface chemisorbed 0 or

0,7.

Similarly, contamination by water vapor in tlie residual gas after
oxygen exposure 1s possible after many minules 1n ultra~high vacuum and
s usually difficult to rule out on the basi1s of XPS measurements alone
due to the proximity of the 0,” and hydroxw! ion C Is peak positions.
Hopster and Brundle [64] studied the adsorption of dry 0, on Ni(100) at
saturation exposures with XPS and SIMS. They observed a small companion
peak at 531.4 eV above the main O 1s phctopeak at 530.0 eV under
certain conditions that was correlated willi a large OH™ contribution
(OH"/07~1) to the static SIMS spectra. They concluded that OH™ species
were responsible for the companion peak, that it occurred only for low
O, pressure exposures, and that it was necessary tc have both oxygen

gas and residual water vapor present for the OH™ formation.

The peak assignments are facilitated bv the results of static SIMS
measurements as shown in Fig. 5.2.3. The amounl of surface OH presenl

on lhe surface from the residual gas was negiigible (OH7/07<0.01) after
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oxygen exposure while there was a significant amount of OD” on the

surface (07/0D™~0.1) after D,0 adsorption.
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Fig. 5.2.3 a) SIMS spectra of clean uranium during sputtering at
3x3 mm? with a 3 keV, 25 uA Art beam. Static SIMS (accelerating voltage
and raster off) for b) U + 40 L O,, and c¢) U + 40 L D,0 at 298 K.

The hydroxide contribution to the SIMS spectrum after water vapor
adsorption is smaller than that observed on Ni(100) [64], but is
definitely present. This in itself is surprising because one might have
thought that the highly-reactive uranium metal would combine with all
available oxygen to form oxide at such low exposures. The persistence
of OD™ after water vapor exposure is due to the rapid formation of an

oxide layer and suggests that OD” might also strongly chemisorb on the

oxide surface or even form a surface hydrate [44]. [t also suggesls



that Lhe watler vapor-oxide reaction is slower than lhe water

vapor—melal recaclion.

The small contribution from OH  on the oxygen-saturated surface
makes residual water vapor contamination an unlikely cause for the 0 1s
companion peak at 533.0 eV (see Fig. 5.2.2p). Ralher, strongly
chemisorbed O,” or 07 are more probable candidates. However, a
negligible amount of 0,” was observed in both slalic SIMS spectra. [f
the chemisorbed species was in facl 0,7, then 1ls absence in the SIMS
spectra could be explained by its strong interaction with the surface
which might cause the oxygen atoms to be sputtered separately
[64]. This could account for the larger irtensity of the 0”7 SIMS peak
for Lhe oxygen-saturated surface compared lo the water vapor—saturated
surface. A more likely explanation for this two-fold increase in
intensity i1s that the strongly chemisorbec species is O°. 0O° has been
proposed to form very strong covaleant boncs and has been proposed to
exist in abundance in MgO and other oxides that contain trace amounts

of water or carbon dioxide [65].

Whether 07, OH™, or 0,7, strongly chemisorbed species would seem
to be present on uranium oxides al very low exposures and probably
greatly influence the further oxidation of the uranium. This is

discussed further in section 6.

The behavior of the U 4f core levels after oxygen and water vapor

exposure 1s shown in Fig. 5.2.4. The clean metal cxhibited peaks at



A77.6 oV oand 38810 <V for the U 4l anc ! VT“/ coare levels,
respectively These values are o ccod sar cment wrth previousls

reported values [2,19,97] The peak

it “ter to 380.7 eV oand 391.5
eV upon saturation with dry oxyvgen. 1isc i1 sooc¢ arreement wilh
previous!y reported values for O.-=alnretc sranotea [267]. The residual
contribution from the metal accoun!. for oot 07 o the U Af. ., pear,

/

a result consislent with the findines o W fear ot al. {267 and Fuggle
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Satellites were observed Lo Lhe b o2h brodong energy side of the U

4fy 5 (398.9 eV ana 1fn/u o te-« - pneak~. although the latter was

obscured by ‘he residual mela ompcae: © Toose satellites are usually

attributed to the shakeup of v ciedct-

¢

o fr o the 0 2p valence band

into the unoccupied U H0 jevet- accoupoyive photolonization [67.68].



Objections to this interpretation have been raised by Schneider and
Laubschat [69] who attributed both the 1 Af,,, salellite and the O 2p
bonding band"” peaks to poorly—screened two-hole [inal states in the
pholoemission process resulting from decreasing fd hybridization and
consequent increasing 5f localization in uranium compounds. This issue
has been recently addressed by Naegele et al. [70] who concluded that
the presence of core satellites was not simply an indication of
decreasing fd hybridization. This issue is beyond the scope of the

present study and will not be discussed fu:ther.

Compared to oxygen saturation, exposure of clean uranium to 40 L
D,0 shifted the U 4f oxide peaks by ~0.2 e\ to higher binding energies
of 380.9 eV and 391.8 eV for the U 4f7/2 and U 4f, ,, peaks,
respectively. The metal contribution to the U 4f peaks for water vapor
saturation (~43%) 1s greater than that for oxygen saturation (~30%),
indicating that oxidation is greater for the oxygen—uranium reaction

than for the water vapor—uranium reaction for the same exposure.

Although the surface seems to be oxidized less by water vapor than
by oxygen for identical exposures, the U 4f,/2 core level still
exhibited a strong oxide peak after adsorption of 40 L D,0. This was
not observed by Nornes and Miesenheimer [27 ], whose results showed that
after adsorption of 54 L of water vapor, the metal line still

completely dominated the U 4f7/2 spectrun. They concluded that the

water vapor—uranium reaction was very much :lower tnan the
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the water vapor reaction produced a ~20% broader U 6p3/2 peak (see
Table H5.1) while the 0 2s contribution to the speclrum was suppressed.
Similarly, the O Zp valence band broadened upon exposure to waler vapor
and the peak shifted to lower binding energy, possibly indicating

increased participation of the U 57 levels in the bonding [11].

Peak positions and widths are compiled in Table 5.1 for various
exposures at room temperature and during controlled heating. Exposure
to water vapor resulted in a significant broadening of the 0 Is and U
6p3/2 peaks compared to oxygen exposure. The energy shifts in the
photoelectiron peak positions displaved for the various exposures in
Table 5.1 are indicative of the complex nature of the surface oxidation
reacllons encountered in this study However, special care must be
taken to separate charging effects, which :an occur on insulating
surfaces, from true chemical shifts. If al peak energies of the
spectra of a surface are shifted by the same amount compared to some
reference, then charging effects are likelv responsible for the

shifts.

A comparison of the peak positions for saturation with dry oxygen
and water vapor shows that the U 6p3/2 core and U 4f5/2 satellite peak
energies do not change, but the U 4f core level peak energies shift by
~0.2 eV to higher binding energies for the water vapor-—-saturated
surface. Because there i1s no uniform shifl of peak energies, the core
level shifts must result from the changed chemical environment on the

surface. Examination of the U 4f melal |:nex: 1n Fig. 5.2.4 shows that
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postticn for ool sula e, confirning the
chemical nature of the U 47 oxide peot. 1 Tt from the oxygen—saluraled
surface to the water vapor—saturaled ool ace
Binding Enercy feV Furd ey}
Surface U 5f Ubpgse U Ay LAty afgyo sat. 0 2s 0 1s
P 298
Clean U 1.0/2.6  16.9/5.0 377.6/2.6 &6, 07
U+40L 07 1.9/3.3  18.2/4.3 380.7/2.8(0) 391.5/3.ci0) 398.5/4.2 23.5/4.4 (93)531.0/2.4
377.5/2.7(m) 388,12, ¢{m) (7)533.0/2.4
U+40L D20 1.6/3.3  18.2/5.2 380.9/2.9(0c) 2) 398.5/4 & (86)531.3/2.4
377.7/2.7(m: {14)533.4/2.3
u+18o0L 0, 1.5/2.5 17.6/4.0 379.9/2.9 390. 3. 397.574.6  22.8/4.0  (92)530.0/2.4
(8)532.0/2.4
U+1800L 0, 1.6/2.5 17.7/4.0 380.1/7.9 390./3 397.7/4 2 22.8/4.2  (89)530.3/2.4
+40L 070 111)532.3/2.4
Controiled Heatli-g
U+40L Dp0 o
85 K 377.% 384 28.9/4.0 536.8/7.8
197 K 1.0 17.8 380.6(0) 397 < 29.6/5.0 (24)531.5/2.8
377.3(m) 141)534.5/2.8
(35Y537.2/2.6
220 K 1.1 17.9 (45)531.4/2.6
117)533.0/2.0
138)534.5/2.6
298 K 1.5 18.3 380.8(0) 391.500) 39.. (81)531.2/2.5
377.7(m) 388. 3’ {19)533.3/2.1
U+40L 02+70L D0
197 K 1.3 17.7 380.7 390.9 397. R 22.3 {22)530.3/2.6
23.5 (26)533.5/2.8
(52)537.1/2.8
220 K 1.5 17.9 380.4 KRN 398 5 23.7 (51)530.8/2.5
(4)532.5/2.3
(45)534.0/2.¢
298 K 2.5 18.8 24.2 ’87)531.5/2.3
25.7 $13)533.6/2.¢
Table 5.0 Summary of XPs pea< posiiions md widths., Relalive

integrated p

eak

ntensitics

are piver i1 oparcatheses



81

The U 4f region for clean uranium exposed to 1800 L O, at 298 K is
shown in Fig. 5.2.6. The positions of thc U 4f peaks, which are given
in Table 5.1, are ~0.8 eV lower than the values measured for saturalion
coverage of O,, but agree with previously reported values for U0, 4,4,
[30]. The shakeup satecllite peak positions. 6.9 eV (U 4fg,») and 6.8
eV (L 4f7/2) above the respective photopeaks, agree well for reported
values for UO, , [13,31,51]. Also, the measured O 2p/U 5f integrated
peak intensity ratio, 0.64, is in good agreemenl with that reported for

uo, (0.7) [51]. 1t must be concluded that exposure of clean uranium to

1800 L O, at room lemperature produced a stoichiometric oxide layver.
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Fig. 5.2.6 U 4f spectrum of clean uranium exposed to a) 1800 L 0,
and b) 1800 L 0, + 40 L D,0 at 298 K.

The higher binding energies of the pholoeiectron peaks for

surfaces exposed to saturalion coverages of O2 and D,0, as well as the
: 2
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presence of a residual metal conlreibution to the ! if core level peaks,
suggests that oxidation of the uramiam sur'cce i ncomplete for low

exposures. Such oxidalion may resuit in  <i{oids o L0,

s o interspersed

on lhe clean metal substrale, or in « subsly chioicliric oxide layer as
some of the oxygen moves into the bv k. Foating crnergies higher than
those for the stoichiometric oxide migh! tien resu | Irom differential

charging effects [19].

Because of the very iow exposures -“egiired fcor saturation,
residual metal contributions to the pho'celectron spectra might
alternatively arise from the undeir ving b ik mcta: . Assuming that a
thin (d~1 nm) uniform monotlayer of oxide oarms on the surface at

saturation and that the photoelectron

W
~
>
~

el
=

obability varies
exponentially will the thickness " th- cx.de .aver, the relative
contribution Lo the U 4f7/2 core cevel {for KB = i263.6-377.6 = 876 eV,

= eiectron mean free path~1.2 nr) is approximalely

{oxide}/! (ciean) = VA ARV R

]m

where lm(oxide) and Im(clean) are the iniegrated peak intensities of
the U 4[7/2 core levei for the saluratet and -lean uranium surface,
respectively, and cosv is taken "o b ¢ 4 ["1'. This is close lo the

values observed for this ratic after osvgen =aiuration (0.21) and after

waler vapor saturation (0.34)
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The surface concentration of oxygen at saturation can be estimated

with the following expression [71]

c =1,/1, x pNicosy/M

where c is the surface adsorbate concentration; la/lS is the adsorbate
to substrate XPS intensily ratio, corrected for photoionization cross

section; p is the substrate density, 19.05 gm/(-m3 for uranium; N is

6.0225 x 10°3 mol~!'; M is the molecular weight of the substrate, 238.07
gm/mol for uranium; and icosy is as above The oxygen surface
concentration is calculated to be 1.2 x 10'5 aioms/cm2 for both oxygen

and water vapor saturation. If it is assumed that one oxygen atom per
surface uranium atom provides one monoiayer coverage (6=1), and that
there are approximately 1.3 x 1o'® atoms/r-m2 on the clean uranium
surface, then the coverage is calculated to be =0.92. On the other
hand, if oxide formation is rapid, two oxvgen atoms could be expected
to react with each surface uranium atom to give §=0.46. This surface
oxide coverage is consistent with the 0.30 and 0.43 oxide to metal U
4f7/2 core level peak intensity ratios obr~erved for oxygen and water

vapor saturation, respectively.

It is certain that part of the metal contribution to the
photoelectron spectra arises from the underlying bulk metal, but the
large difference in the amount of metal! delecled after oxygen

saturation compared to water vapor saturation at Lhe same exposure (40



L) indicales Lhal surface altack migh: no: be uniform in both cases.

Because of surflface roughness (see =ct 100 5. ,), tiie adsorbed molecu!lcs
could be expecled lo migrale lo the lowes caergy aasorption sites

beforc strongly binding with the surface !precurscr model of

adsorption}). The higher metai contr baiion o Lhe case of water vapor
saturation may just be due to the clusiler . ng «f walcr molecules at

adsorption siles [72].
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Fig. 5.2.7 0 1s spectrum of clean urani.m expused to a) 1800 L O
and b) 1800 L O, + 40 1 D,0 al 298 K
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The O 1s peak (Fig. H.2.7) aga:nn exhibi'ed a small component (~8%
of the total integrated peak intenstivy 2 0 ¢\ nigher in binding energy
than the main peak at 530.0 V. Upon expesure to id L water vapor,
Lthese peaks shifled 03 oV 1o higher binding eneroies and the smal
peak at 5323 eV incrcased to ~1170 of the o ol tiegrated peak

intenstly . This ix =01 1] 207 less {han the

i

companion peak contiribulion



lo Llhe O 1s speclrum for the clcan metal exposed to 40 L D,O,
indicating that the relatively thick oxide layer either inhibited the
formation of the contributing oxide specics or accelerated lheir

depletion.
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Fig. 5.2.8 Valence band region for clean uranium exposed to a)
1800 L 0, and b) 1800 L 0, + 40 L D,0 at 298 K.

The valence band region exhibited several interesting changes upon
water vapor exposure as shown in Fig. 5.2.8. The O 2p valence band
broadened and intensified, and the O 2s pcak became sharper wilh
adsorption of water vapor on the oxide surface. Similarly, the U 6p1/2
peak split 1nto at leasl two components and the U 6p3/2 peak
intensified. Because the valence hand region ts less sensitive to
conditions at the surface than the O 15 or U 4f core levels, the

distinel changes in the valence spectra show that « large region of the
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oxide layer is affected by the adsorp!ion of waler vapor onto the
stoichiometric oxide. This could mearr Lha: G) icns can easily diffuse

through the oxide layer.

The photopeak binding energies shifted uniformly higher by 0.1-0.3
eV (see Table 5.1) after exposing lhe stc.chiometri oxide layer lo
water vapor. Enikeev et al. [73] studiec <le¢ adsorotion of water vapor
on air-oxidized aluminum and iron surfaccs d concluded that the
physisorbed water molecules were hydrogen-bonded ic oxygen atoms of the
oxide lattice which led to the observed .ncr-erase in the work of
electron escape of belween 0.07 and 0.3 =V Sucti an increase would
lead to a decrease 1n measured XPS binding energies by the same
amount. Benndorf el al. [74] have =tudied the yeaction of water vapor
on clean and oxygen-predosed Ni(110) surfaces. The 0.9 eV shift to
lower binding energy they observed for the C ls photopeak in going from
water vapor adsorption on the clean metel © adsorption with an oxygen
precoverage was also attributed to hydrogen-~bonded water molecules on

the surface.

Shifts to higher binding energy would be expected if water
molecules were bound to the the surface tlrough their oxygen
atoms. This would produce a positive surface charge as a result of the
orientation of the hydrogens away from the surface and increase the O
Is binding energy through a lowering of the local work function. This
effect may be responsible for the +0.3 eV <hifl to higher O Is binding

energy observed here in going from oxypen ‘o walcr vapor saturation of
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the clean metal. After formation of the [irst adsorbed layer, water
molecules or hydroxyl ions could be strongly chemisorbed on the oxide
overlayer by the same mechanism that O,  or O° 1s chemisorbed after dry
oxygen exposure. The similarity in chemisorption of OD” after water
vapor exposure and the chemisorption of 0.,  or O after oxygen exposure

could account for lthe near identical 2.0 ¢V shifl between the main and

companion peaks observed for all exposures (see Table 5.1).

Enikeev et al. [73] observed that the amount of water vapor
adsorbed increased and the work function decreased after exposure of
the metal surfaces to chlorine. Blyholder and Sheets [75] have
observed similar results during the adsorption of water vapor on Ni
surfaces in the presence of BF,. Both Cl and BF,, like oxygen, are
strongly electronegative. It has been argued that the presence of
these molecules on the surface changes the electron population of the
metal valence levels and enhances the H,0-metal bond [74], which would
lead to a decrease in the local work function, as was observed by
Enikeev et al. [73]. This effect would also result in a shift toward
higher binding energies. The presence of chemisorbed oxygen (OZ" or
07) or hydroxyl 1ons on the surface, inferred from the companion peak
in the O 1s spectra, provides the electronegative species required for
this effect, which may play a part 1n the shift of the photopeaks to
higher binding energies after water vapor adsorption on either the

clean or oxygen-covered metal.
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However, nominally stoichiomelr ¢ Ud, 1= a semiconductor, with
different elcctrical properties than the adsorbale-covered
melal. Changes in the work function of the surfa:c depend upon whether
the oxide is p-type (U0, ) or n—type (Uigy [5]. and whether the
adsorbate is an electron acceptor or an -levor dunor. The nearly
uniform shift (~0.8 eV, see Table 5. )} toward lower binding energies
observed for the stoichiometric oxide in comparison with the saturated
metal is probably due in part to thc presen~c of negatively—charged
adsorbed species on the semiconducto~ surfaze. 'The bonding of oxygen
atoms in hydroxyi ions to the oxide surface would also increase the O
Is binding energy after water vapor idsorption on the stoichiometric
oxide, as it would on the saturated metal. Fnrmation of a dipole layer
after adsorption of water vapor is lae most likely cause of the smal]
(0.1-0.3 eV) shifts toward higher binding energics observed here,
although the orientation of the dipcies must he opposite to that
required to account [or changes in tae photoelec!ron binding energies
on Ni(110) [74], or changes in the work furctior on aluminum and iron

oxides [73], after water vapor adsorption.

The distinct changes exhibited in the photoclectron spectra of the
oxide surface upon saturation with waler vupor shows that the water
vapor-uranium reaction depends very wmuch o1 the composition of the
reacting surface. However, it is a:{ficull to be more specific about
the influence of the surface layer wilhoul some de:ailed knowledge of

the intermediate steps between init al adscrplion and final oxide
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formation. This information is difficult to oblain at room temperature
because the reactions proceed to quickiv 'o observe anything but the
final reaction produclis. This is the rea-on that Allen et al. [19]
cite to explain why thev could notl observe the presence of an OH™
conlribution to the 0 |ls peak for low watcr vapor exposures at 298 K,
although such a contribution was observed in this study. By cooling
the sample surface to cryogenic temperatures and heating lthe sample 1n
a controlled manner, the reactions can be slowed or even stopped, and
the intermediale reaction steps studied in detail. The resutts of just

such controlled heating experiments arc now described.

25
' " afg,,

N N
J\: A
S

1 L
410 400 390 380 370

Binding energy {eV)

Y

X
=
T

fury
[3)]

iy
o

N (E) X 1073

Fig. 5.2.9 U 4f spectra of clean uranium exposed to 40 L D,0 at a)
85 K, b) warmed to 197 K momentari'y and ~coled to 85 K, c) heated to
293 K in sequence.

The behavior of the U 4f core level peaks for water vapor

exposures during controlled heating is depicted 'n Fig 5.2.9. The
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formation of an ice multilayer (see Vig. o.-.11) alltenuated the U 4f
signal and shows thal the region of the samp!le under analysis was
completely covered by ice. Using the exponertiial atlenualion expression
discussed before, lhe 1ce layer is calcu.ateed to be ~5 nm thick at
saturation coverages. Still, the presence ¢ oxide formation even at 85
K is evident in the broadening of the me:ial lines toward higher
energies. Upon heating to 197 K, jus beicr: the water desorption peak
max imum (~200 K, see Fig. 5.3.1), and immecialelv cooling back to 85 K,
the oxide peaks clearly emerged to make up about half of the total peak
area. Further heating to 293 K completed 'he reaction as all the
adsorbed water had left the surfacc and on v a 'nin oxide layer
remained. The persistence of the metal ypeals clearly shows the
incompiete oxidation of the near suiface region. despite the total
initial coverage by condensed water vapor. it 1s also interesting that

the metal peaks shifted Lo higher b.ndiag 2nergy by 0.3 eV upon heating

while the oxide peaks remained subs:antia’ thi- came (see Table 5.1}).
This may be related to the binding =nergy sh:fls observed by Allen et

al. [19] who attributed this behavior ! :<hange= in the work function

induced by the presence of water vapor an ini ial island formation.

Changes in the O 1z speclra urder sipilar treatment displayed even
more interesting behavior as shown in lig 5.2.1C. The spectrum at 85 K
clear’'y shows an 1ce peak at 536.8 eV (76] ond 1(s associaled X-ray
satellite at 528 eV {rom the non—-monocnromatized source. Upon heatling

to 197 K and cooling back to 85 K 1wo new peaks developed. The ice peak
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was diminished in intensity and shifted by 0.5 ¢V to higher binding
energy. An oxide peak appeared al 531.5 e'. shifted higher by 0.2 eV
from the room temperature value of H531.3 «\. There appeared an
intermediate peak at 534.5 eV thatl 1s probably due to liquid water
[57,58,74]. Healting past the water desorption peak maximum (~200 K)
removed the ice layer and shifted both the liquid water and oxide peaks
to lower binding energy. The intensity of the liquid water peak

decreased as that of the oxide peak increased. In addition, a small
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'ig. 5.2.10 The O 1s spectra for exposure of clean uranium to 40 I,
D,0 at a) 85 K, b) warmed to 197 K momentarily and recooled to 85 K, ¢)
warmed to 205 K momentarily and recooled to 85 K, and d) warmed to 298

K 1n sequence.

peak at 533.0 eV appeared indicating the formation of surface hydroxide
[61,62]. Finally, warming the samplc¢ to réom temperature removed the
ligquid water peak and lefl a spectrum very similar to that observed

after water vapor saturation at room temperature. Although Lhe oxide



(531.2 eV) and hvdroxide (533.3 eV) peaks oainlained the same binding
energy as those observed for room lempereai ire water vapor saturation,

the relative 1ntensily of the hydro<ide pealk increcased (see Table

5.1).

The changes in the O 1s spectra for waler vapor adsorption at 85 K
during heating are qualitatively lhe same s those observed by Nornes
and Meisenheimer [27]. The reported persiitence of a distinct
intermediate peak at room temperature, e¢s2ribed 'o an OH-complex with
the uranium surface. was observed aere. «lihouwgh 1t was much less
pronounced. The distinct peaks in the O '3 spec.rum appeared only
after partial desorption of the multilaver ice, which required heating
to near 200 K. They observed an cxide prak at 3532 eV even after
adsorption of 54 [ H,0 at 120 K contrary to the attenuating behavior of
condensed water observed here and elsewh:re [74]. This discrepancy

might have resulted from an inaccurat: ¢ abr «tion of the water vapor

exposures used 1n their study. This wauic alss explain why they
observed such a small U 4f7/9 ox de peak afte: saturation with water
vapor . They observed a +0.6 oV shif! o binding energy for the O 1s

photopeak, and a +1.2 eV shift 1r bindiig encrgy for the U 4f5/2
photopeak, in going from oxygen satuat on tc water saturation of clean
uranium [27]. Although the trend to hisher binding energies was also

observed here, the magnitude of ‘he sb:fix (- +0.3 eV) was far less.



The valence band region exhibiled behavior similar to Llhat of the
O 1s speclra during controlled healing and 1s 1ilustrated in
Fig. 5.2.11. Only multilayer ice was prescnt al the start of the
experiment. The O Z2s peak position (28.9 V) and relative intensity is
in good agreement with previously reported values for ice [76]. During
healing, the dominant U 5f peak emerged, narrowed, and grew in
Intensity. Similarly, the U 6p3/2 peak narrowed and intensified during
heating. There 15 some inleresting behavior in the O 2p bonding band

near 8 eV, two small peaks appeared in Fig.5.2.11c that persisted up to

room temperature and may be due to hydrox:de bonding direclly with the
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Fig. 5.2.11 Valence band region for ¢xposure of clean uranium to
70L D,0 at a) 85 K, b) warmed to 197 K momentarily and recooled to 85
K, ¢) warmed to 220 K momentarily and recsoled to B5 K, and d) warmed
to 298 K in sequence.

uranium or to hydride formation [77]. "hi: region of the valence
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spec{rum showed signilficant differcnces comparcd to the spectrum

observed altcer water vapor exposurc al room temperature.

Ward et al. [77] bave studied U0, anl UD, with XPS. They observed

3
a broad peak near 8 eV in the photoele-tron spesirum of UD, that thev
attributed to hvdrogen bonding levels. The observed valence level
spectrum appeared very much like that of /0,, except that the U 5f peak
was shifted by ~1 eV to higher b:nding erergy The similarity of the

photoelectron spectra of U0, and 1'D, :s -omewhat surprising,

3
considering the very different chemicai honding taking place 1n each

case, and may indicate possible ccntamination of the UDgy by oxygen 1n

the residual gas.

The broad U 6p,,, peaks in i .g. ».¥ "1 «.splay the hint of an
additional component. Because the U 4f caore "ovels (see Fig. 5.2.9)
contain substantial metal contribulions 1t 1~ reasonable to expecl
that the broader U 6p3/2 peaks are comp:sed of noth a metal and an
oxide conlribution. The much narrower ! ﬁpa/E peak of the
stoichiometric oxide (Fig. 5.2.8), wher no metal contribution would be

expected, supports this i1nterpretation.

The O s specira for water —apo: ¢xposure to oxygen-precovered

uranium during controlled heal in:

i

s shown o Vig. 5.2.12.  The

intensily of the ice peak in Fig 5.2 . 1rva appears to be less than the

—
s

corresponding pecak 1o Fig. H.2. However  the number of scans taken

for the spectra an Fag. H5.2.10 was twr ¢ Lhe number recorded for Uhe



spectra in Fig. 5.2.12, so that the intensily of the ice peak for watcr
vapor (70 L) adsorption on the oxygen-precovered surface was actually
greater than that for water vapor (40 1) adsorption on the initially

clean surface, as would be expected.

N (E) X 1073
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Fig. 5.2.12 0 Is spectra for exposure of clean uranium to 40 0, at
298 K followed by 70 D,0 at a) 85 K, b) warmed to 197 K momentarily and
recooled to 85 K, c¢) warmed to 220 K momentarilv and recooled to 85 K,
and d) warmed to 298 K in sequence.

After heating to 197 K and recooling, two new peaks appeared as
observed before for water vapor adsorption on clean uranium, although
they were shifted toward lower binding energies (see Table 5.1). The
shifted ice peak at 537.1 eV disappeared after heating to 220 K and the
other two peaks moved to higher bind:ng energies. The
lowest-binding—energy peak is clearly due to the presence of an oxide

layer and continued to grow during the heating as the condensed water

overlayers were removed and oxide format ion took place. The peak near
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531 e\ also grew during healting 1o direct yraporiion Lo the decrease in
the 1ce peak, suggesting again that (his pew s due to the presence of
frquid water on the surfacce. Furthe: heati i Lo rcom temperature lec
to an O Is spectrum similar Lo that Jor exposurc o clean uranium lo
water vapor at room temperature, excepl 'hot the praks were shifted 0.2

eV 1o higher binding energies (sce Tabic > 1)

2500 T T [
2000} U 6py, —
U 6p, 2 032
1500
w
2 \ \J
1000 - j//* —
M\’\
500 /\ /j'\ ’/\ —
2

30 20 10 0
Binding energy (eV!

ig. 5.2.13 Valence band region fnr clean uranium exposed to 40 L
G, at 298 K faliowed by 700 D,0 -t a 3 k. warmed to 197 K momentarily
and recooled to 8% h, ¢) warmed to 2:0 - momonlarily and recooled to 85
K., and d) warmed to 298 K in sep onos

The valence band region for expusure of the oxygen—precovered

aranium surface to waler vapor durirg :ontrolled heating, shown 1n

Fig. 5.2.13, exhibited some di(ference  in behavior compared to Lhat
for exposure of an tnilially c¢lcan sur ace 1o waler vapor. Both the U
-

5T and U 6p peaks werse narrower . and tace [inal slate spectrum had a
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better defined O 2p bonding peak similar to Lhat for exposure of c¢lean

uranium to oxygen at room temperature.

[t 1s perhaps surprising that the behavior of the photoelectron
spectra for water vapor adsorption on c¢lean and oxygen—covered uranium
surface are so similar after the initial c¢e layer begins to
desorb. Yet the rapid formation of an ini'i1al surface oxide layer after
water vapor adsorption on the clean surface, beginning even at 85 K,
shows that both systems are composed of coandensed water—covered uranium
oxide surfaces upon warming the surface A similar conclusion was
reached by Huber and Kirk [78] as a resull of changes in the work
function that were observed after water vapor adsorption on clean and
oxygen—covered aluminum surfaces. Condensed water reacts rapidly with
the exposed uranium metal surface, but the reaction is impeded by the
underlying oxide layer. The large shifts to lower binding energy
exhibited by the O ls oxide peak after adsorption of water vapor on the
oxygen—covered uranium surface during conlrolled heating (see Table
5.1) may be due to the complete arrest of the rapid corrosion of the
metal by condensed water as a result of Lhe protective oxygen
coverage. OH™ ions could hydrogen—-bond to the surface oxygen with
multilayer water formation taking place ori top of the initial bonded
layer. The liquid water would form a dipole layer with a negative
surface charge leading to a reduction in btinding energy until! the water
is completely desorbed. The gradual increase of lhe O Is oxide peak

binding energy from its initial low value of 530.3 eV to its room
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[

temperature valuc of 531.5 eV {(see Table 5 ') as the sample 1s warmed

and the water desorbs, supporls this hypolhisis.

The reduction in the intensity <f{ the nydroxide contribution to
the 0 ls spectrum for water vapor adsorp:icn on uxygen-covered uranium
compared lo adsorption on clean uran um mign! be due Lo the blocking of
adsorption sites available to the O ions »v the ¢ hemisorbed oxygen on
the surface. The pronounced 0 2s peax in the valence spectrum
(Fig. 5.2.13) after water vapor adsorptlion 1n the presence of oxygen
compared to the unresolved 0 2s peak afler adsorption of water vapor on
the clean metal suggests that the wster wapor—uranium reaction is
inhibiled in the presence of oxygen Cons dering the very low
coverages in these experiments, 1nh bit:or by a surface mechanism is

most likelyv. This topic 1s further Jdiscussod ir section 6.



Thermal

5.3 Thermal! Desorption Spectroscopy

desorplion spectra were measured
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In each case. oxygen exposures were carried out at room
temperature and water vapor exposurc: through the capillary doser were
performed below 100 K. The healing rale ised [or sach experiment was ~1

K/s.

A single desorplion peak was observed in each experiment
regardless of the amount of adsorbed waler vapor or oxygen precoverage
and 1s ascribed to multilayer ice. 1his (3 Yhardlv a surprising result
considering the high reactivity of Ilhe ura. um metal and oxide.
However, the observalion of a sing!t de~orn!ion peak on Cu(100) for all
water vapor coverages was attributed Lo physiscrbed water on the inert
copper surface [797]. On uranium, inilia! ¢xide formation is rapid and
hydroxyl groups or oxygen species c¢an sircngly chemisorb onto the oxide
surface. The condensed water moiecujes con oniy weakly adsorb (through
hydrogen bonding) onto the chemisorbed {1 =t laver, which behaves !ike
an 1nerl surface by preventing the water nolecules from strongly
interacting with the metal or the ¢xide. "he brosd tail toward higher
temperatures might be due to the desorotisu of water molecules
hydrogen-bonded directly to the oxide -surface where the interaction
might be stronger. The broadness >f the desorpl.on peak is indicative
of the wide energy range of adsorption w tes cxpected for a

polycrystalline material.

The arca under lhe top peak n ¥ o g. .3.1 Is greater by ~50% than
that under the second peak for the same water vapor exposure. This

indicates that the presence of a —~elative!y thick sloichiometric oxide



101

layer slowed the reaction of water vapor with the uranium metal. The
initial adsorption on the less reactive oxide allowed more of the water
vapor to subsequentiy desorb. This correlates well with the observation
that the integrated peak intensity of the smalt O ls companion peak
(OH), 2 ev above the main peak, was 20% smaller after water vapor
adsorplion on the stoichiometric oxide than afler adsorption on the

metal at room temperature.

The absence of higher temperature desorption peaks implies that
OH, or OD, is rapidly incorporated into the oxide once the initial
multilayer has desorbed, and that any remaining surface hydroxyl ions
must be strongly bound to the oxide layer [f this were not so, higher
temperature peaks would be expected as lhe adsorbed OH™ ions recombine
to form water vapor and leave adsorbed oxygen on the surface. Such
disproportionation reactions have been observed on several
single-crystal transition metal surfaces [39]. Bange et al. [80] have
observed a single desorption peak after warer vapor adsorption at 80 K
on Ag(110) which was attributed to molecularly adsorbed water. However,
in the presence of oxygen, several additional desorption peaks were

observed due to just such disproportionaticn reactions.

As mentioned before, both Jupille et al. [38] and Stuve et
al. [39] observed two desorption peaks for water adsorbed on clean
single-crystal Re(0001) and Pd(100), respectively. The two states were
ascribed to mulilayer ice and water molecules directly bound to the

surface. On uranium surfaces, the formation of an oxide layer after
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water vapor adsorption on the clean metal =« rapid even at 85 K (see
Fig. 5.2.9). Only multilayer ice 1= ava lanie for desorption because
the first layer 1s stronglv chemisu-bed ¢ the melal to form the

oxide .

Jupille et al. [38] found that oxyger preadsorption prevented the
dissociation of water vapor on the Re(000!'} surface. Similarly. Stuve
et al. [39] found that preadsorbed oxygen actually blocked the initial
adsorption of water molecules. Madey ind Yates [B81] also observed that
adsorbed oxygen blocked the chemixorpt .cn of b,0 directly onto the
Ru(00!) surface. but did not affect the cesorp' 1o of the condensed HEO
multilayer. The oxygen atoms inlerferc vwith 'ne water vapor reaction
by occupying adsorption sites on the met :| su-face normally available
Lo the water molecules. These effects ar. dependent on the particular
surlace struclures of the single-crystal mets s 1nvolved and might not
be operative on polverystalline w-anium neta: surfaces. Also, the
formation of ar oxide layer does not sccur on Lthe transition metals at
low exposures. An oxide layer forms reac:ly on aranium metal so that
desorption actuaily occurs from lhe oxi-¢ surface. Therefore, it is not
surprising that the desorption speclra or weier vapor adsorption on
the clean metal and on the stoichiometr « ox d¢ are so similar. In each

case, only condensed water from ‘he oxide surface is being observed.



5.4 Electron—Induced Luminescence

Clean uranium surfaces exposed to saturation coverages of either
CO, Oy, or H,0 and excited with a 5 keV, 130 wA electron beam displayed
a faint blue luminescence which was the same at any location on the

sample surface. The luminescence spectrum for clean uranium exposed to

120 L dry O, 1s shown in Fig. 5.4.1
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Fig. 5.4.1 Luminescence of clean uranium exposed to 120 dry 02.

The luminescence did not change with time even though the Auger
spectrum indicated that CO from the residus! gas had been adsorbed on
the surface after the exposures. There 1s a hinl of a double peak with
components at 395 and 405 nm that i1s more readilv apparent upon

smoothing the spectrum. The luminescence behavior observed for clean
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uranium exposed to each reactant gas s cliearly related to Lhe
formalion of an oxide layer. Bastasz 't ai. [46 ] have inferred the
presence of a weakly adsorbed meclecular cvvger species in addition to
chemisorbed oxygen on Th surfaces fduring iow pressure oxXygen exposures
from changes in the luminescence intensi!y as 3 “unction of

pressure. However. no such increase i uminescence intensity was
observed for uranium surfaces in low prersure oxvgen

environments. Because the intensity for ow exposures is correlated
with the amount of oxygen detected by AR, and the initial oxide
formation is observed to be rapid. it mu=t be concluded that the oxide

layer is the source of the blue !'uminesconce.

Breysse et al. [82] have sludied the pholoiuminescence of thoria
and have attribuled Lhe observed spec!'ral peaks at 390 nm and 450 nm to
excitation of F-centers 1n the ox.de !aliice. Substitutional cationic
impurities of valence lower than 1+ were proposed to produce F-centers
in the form of anionic vacancies Vook £t al {[47] have examined the
cathodoluminescence of clean Th surface- exposed to oxygen and carbon
monoxide. Thev aiso attributed the msjor juminescence emission band at
468 nm lo excitation of F—center:s in the thoria lattice, and proposed
that weaker bands in the spectrur arose from surface F'— and

F-centers.

[t seems reasonable to propcse 'ha® the uniform luminescence is
due Lo Lhe presence of F-cenlers formed from anionic vacancies in the

oxide lattice The duai peak stiructure of the luminescence speclra al
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390 nm (3.23 eV) and 410 nm (3.07 eV) is probably due to the excitation
of F'— and F-centers respectively [B83] Surface F-centers are an

alternate source for the second peak.

Coon [84] has observed a 0.2 ¢V shift in the broad
photoluminescence emission spectrum of MgO compared to the bulk
values. The shift was attributed to the possible creation of surface
F-centers by electronic bombardmeni and their subsequent excitation.
The peak shift observed for the luminescence of uranium oxide surfaces,
0.16 eV, is in excellent agreement with the shifl observed by Coon for
MgO. Further investigation is required to determine the precise nature

of the F-centers responsible for the observed blue luminescence.

The strong asymmetry in the luminescence spectrum mighl be a
result of clustering of point defects into defect complexes. Evidence
for the presence of such complexes in hyperstoichiometric bulk uranium
oxides has been obtained with X-ray diffraction [14], XPS [31], and
thermogravimetric [17] techniques, but defect complex formation at very
low exposures has not been investigated. [t may be that these
luminescence results provide the first such evidence for defect complex
formation during the initial stages of uranium oxidation. Although
this possibility, if correct, would have important implications for our
understanding of uranium oxidation, the 1dent.fication of defect

complexes after very low exposures must remain speculative.
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The asymmetry in the high wavelength s:ide of the peak might also
be indicalive of contributions to the juniv =cence 2mission [rom
centers olher than anton vacancies. Optival rmiss.on spectra of (PR
U™, and 1*® jons in crystal hosts oxhibil . ser . of intense peaks
between 500 and 600 nm [41-43]. Also. tte -irong green luminescence
observed f{rom many uranyl~containing compouands has been attr:ibuled to
the uranyl group (U0,*%) itself [41]. [+ :s not likely that U*® and U*®
ions exist in the thin surface oxides produced 1n this study because
either specific crystal symmetries. th cke1 oxide layers, or the action
of hard radiation is required for “heir fhrrmat:on or stability
[41,42]. However . one can envision lthe formation of urany!l groups on

the surface for low coverages and Lhi: . a possible source for the

asymmelry observed in the luminescencs soectrum [44].
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Frg. 9.4.2 Luminescence of c¢lean urarrum ol ter saluration with pure
water vapor, dry oxygen and dry cerbor monoxide al room temperature.
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Relative intensities of spectral peaks are difficult to compare
owing to the number of variables such as beam voltage, current densily
or sample position that can vary from measurement to
measurement. However, all of the luminescence spectra of the various
oxides prepared by exposing clean uranium to e)ther pure water vapor,
dry oxygen or dry CO maintained the relative intensity relationship
shown in Fig. 5.4.2 regardless of sample lLemperature (100 to 320 K) or

variations in beam voltage or current density.

The intensity of the luminescence after water vapor exposure 1is
about the same as that after oxygen expcsure, but the intensity of the
luminescence produced by exposing clean uranium to CO is about half
that produced by either H,0 or O, exposure. This indicates that the
uranium—-carbon monoxide reaction produced only about half as much
surface oxide as either O, or H,0, a result consistent with AES data

(see Fig. 5.1.2).

Previously published preliminary results for the luminescence
produced from clean uranium exposed to increasing amounts of dry oxygen
are shown in Fig. 5.4.3 [85]. The spectra were lLaken at room
temperature and were not corrected for the response of the detection
system. Fig. 5.4.3 shows that the intensity of the luminescence
decreased as Lhe oxygen exposure i11creased while the peak position
remained constanl at 470 nm (400 nm if ccrrected for detector

response).
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The change 1n the luminescencce =spectrun [or increasing oxygen
exposures displays the key role plaved by aryon vacancies in the
luminescence process. At low exposures, 1om nal ' G, should form on the
uranium surface which contains roughiy equa numbers of oxygen
vacancies and interstitiais. The dif usi:n »f surfoce oxygen lo the

bulk metal is rapid and a higher vacancy cencentration would be
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Fig. 5.4.3 Luminescence of ¢iean ranium exposed to increasing
amounls of dry oxvgen.
expected at the surface after some Lime wr low inilial exposures. As
the amounlt of oxygen al the surface incr-eases ¢ saturation and beyond,
the number of vacancies in the oxide iaver should decrease until the
formation of U02+x is achieved, which . interscitial-rich [2]. The
luminescence behavior shows just the so-t of decrease in intensity for

increasing oxygen exposure that would b expecled 1f anionic vacancles

were responsaible for Lhe luminescenc: [ %f)].
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The luminescence of clean uranium cxposed lo dry 0,. followed by
H,0 produced markedly different behaviocur as shown in Fig. 5.4.4. In

addition to the previously described faint blue luminescence, there

also appeared several localized spots on the surface that exhibited a

bright red luminescence. The red luminescence was brightest when

excited with a sharply focused beam and faded as the beam size was

increased. This red luminescence has not been observed for any other

combination of exposures including re-—expcsure of U + 0, to O, or U +

H,0 to H,0.
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Fig. 5.4.4 Luminescence of clean uranium exposed to 2700 L dry O,

followed by 240 L H,0.

The bright intensity of the red luminescence made it possible to

examine the spots with AES while simultaneously observing the

luminescence. When the electron beam was moved to one of the localjzed

spots, Llhe oxygen peak-to-peak inlensity :ncreased by aboul 507 over



the peak—to-peak 1ntensity of the backgrcounde surface oxide. No rare
earth or other i1mpurities were detected bv «FES that might have caused
the luminescence so that 1t must be due to ocal:zed concentrations of

oxide or specific oxygen species on the sur’ace.

During the course of XPS measuremenis, lhe sample was repeatedly
exposed to oxygen and water vapor, separatetv and in combinaltion. After
several such exposures, localized ox:de spo's were detected that could
not be easily removed by sputtering The precise nature of these spots
is discussed in section 5.5, but it shouid ne noted here that upon
further exposure of the cleaned sampie to water vapor, these spots
exhibited the same lype of bright red lumirescer~e that had been seen

In previous experiments.

Summers et al. [83] studied the phctoiuminescence of MgO
single—crystals and showed that F™- and F-center emissions al 394 nm
(3.2 eV) and 548 nm (2.3 eV), respectlively were strongly influenced by
the presence of H™. Both the lifelimes and the relative intensities of
the luminescence emissions varied with hvdrogen content. Breysse et
al. [B2,B6] have proposed that photc¢lum.nesrence emission from ThO,
might be due to OH groups on the ox de surface. These groups were
postulated to substitute for nmormal lattic» oxyger atoms on the surface

and luminesce via the broadened OH-band emissicn.

The presence of OH™ on the surface or in the oxide by itlselfl i~ an

unlikely cause of lhe observed red luminescence because it should be



observed when clean uranium is exposed lo water vapor alone. The XPS
results show thal OH™ is retained on the oxide surface after such

exposures. Also the correlation of the lccalized luminescence spots
with the surface pits suggests thalt the species responsible for this

luminescence exist only in special surface environments.

Clement and Hodson [87] have observer a broad-band emission from
y-ray—irradiated MgO crystals at 700 nm that was explained on the basis
of transitions involving substitutiona metallic impurities, namely
Fe®* and Cr3*. The red luminescence was aitributed to excitation of
the Cr3* jon impurity giving rise to the characteristic doublet
emission at 700 nm and 720 nm, and to emi<sion from the Fe!% to Fe?*

transition.

The uranium samples used in this study contain about 12 ppm Fe and
3 ppm Cr impurities (Table 4.2.1). The observation of Fe lines in the
Auger spectrum from one of the initial oxide pits provides some
evidence for emission from metallic impur:ties as the source of the red
luminescence. However, Fe was only observed on one spot and was
depleted after several hours of sputtering so that it may have been an
lsolated inclusion. But even the presence of impurities in amounts
below the detection limit of AES could be responsible for the
luminescence. However, intense em:ssion from substitutional impurities
can be dismissed as the cause of the observed red luminescence because
it appeared only after specific surface preparation. Unless the

chemisorption of oxygen on uranium oxide, followed by water vapor



exposure somehow allowed the prefercutial excilation of impurity

levels, another cxplanation must be =ought.

It has long been known that molecular oxygen exhibits a strong red
chemiluminescence [88]. The emission spec'rum of electrically
discharged oxygen is dominated by {wo inten-e peaks at 760 nm and 800
nm [B88]. Il is possible that the localized 1ed luminescence observed
here 1s due to excitation of adsorbed mole:xvilar oxygen that s
stabilized by Llhe presence of water vapotr 3~ hydroxide in the oxide
layer. Alternatively, the molecular cxygen might form part of a complex
with uranium and OH™ in the near surface 7 the luminescence were due
to molecular oxygen. the broadening «f the neaks must be due to the
interaction with the oxide lattice. t coull be ‘hat the relatively
thick oxide region i1n the pits after repcelad wa'er vapor and oxygen
exposures creates the right environment fcr the ex:stence of molecular

oxygen.

The presence of strongly chemisorbed (, or O after oxygen
exposures has been inferred from the resuits of the AES and XPS
measurements in sections 5.1 and 5.2. Upon water vapor adsorption, the
chemisorbed oxygen may associate wilh chem sorbed nydroxyl 1ons or
hydrogen-bonded water molecules to form large complexes on the surface
[63]. These large complexes would stiil be bound to the surface, though
perhaps not as strongly as the individual ipecivs, and could produce a
broadened luminescence emission in the nea -infrared as a resullt of

clectron beam excrtalion.  These compleses could be related lo



paramagnetic defect centers observed on hyperstoichiometric uranium
oxide surfaces by EPR [64]. In fact, it would nol be surprising to
find that the centers responsible for the red luminescence observed
here and those responsible for the complex EPR spectra obtained for UO,

after exposure to water vapor and oxygen [64] were closely related.

Although several explanations are feasible, the precise
determination of the nature of the centers responsible for the red

luminescence must await further experimentation.

Any evaluation of EIL as a surface lechnique must consider both
its advantages and disadvantages. EIL does not appear to be sensitive
to surface adsorbates, as is XPS. There 1s no distinction between the
luminescence of water vapor— and oxygen-saturated uranium, and
therefore no distinction between chemisorbed oxygen and hydroxyl
ions. This is because EIL is sensitive to the electronic defect
structure of the oxide. Herein lays one of its major advantages. The
intensity of the luminescence is sensitive to the concentration of
point defects in the form of F-centers i1n the oxide. Thus it was
possible to observe changes in the point defecl concentration as a
function of oxygen exposure, and to infer the presence of point defect

clustering for low exposures, although oniy speculatively. One of the

major disadvantages of EIL is its inability to provide quantitative
information regarding the surface compesilion. But the use of an
electron beam to excite the luminescence «llowed this information to be

obtained by the complementary technique of AES. Through the use of AES,



the surface pits were shown to contain a high concentration of oxygen,
bul the chemical nature of the oxygen cou d nol be determined with AES
alone. The bright red luminescence observed i1n these pits 1ndicates
that the oxygen species responsible for this behavior were quite
different than those existing on or in the uniform oxide layer. This
is tmportanl information that would be dif tcult lto obtain by other
means. The precise nalure of the centers responsible for the red
luminescence would require the use of techniques sensitive to the
chemical state of the luminescing species. such as small-spot XPS. It
seems that EIL is a very useful technique (or the study of metal
oxides, and that it nicely complemen:s Lhe =x1sting standard techniques

of surface analysis.



H.5 Surface Morphology

The characterization of the morphology of surfaces 1s an important

aspect of the study of the initial oxidalion reaction.

Fig. 5.5.1 Secondary electron image of the uranium surface after
several exposures to oxygen and water vapor. The magnification of the
image is 250x and the length scale is 1 cm = 40 um.

XPS studies were performed n an analysis chamber equipped with a
scanning Auger microprobe (SAM) capable of imaging the secondary
electron distribution (SED) of surfaces. The secondary electron image

of the surface was regularly observed during the initial sample

cleaning phase and before and after cach experiment. Although the
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surface was initially polished witt 1 om {jamond paste and had a mirror
finish, several days of canstan! argon io) ~puitering and heating left

the surface rough and uneven.

The sample was cxposed Lo oxveen ano wate: vapor at room
temperature, separatelyv and in cowbinetiirn, several times with no
apparentl change 1n the sumple suyface AV ter the initial controlled
heating experiment, with 40 L D,0 adsorbi-d at 85 K and the surface
warmed back up to room temperature, several dark spotls appeared in the

center of the sample as shown in Fig. 5.5.1.

Fig. 5.5.2 Scanning Auger image ! the contribution from the
surface to the 0 (KLL) peak-to-peak | lensity. The magnification is
250x and the length scale is | ¢m = b0 am.

Examinalion of the surface wi*h ¥ showed that the spots

contained a high concentration of sxide which persisted even after



several hours of sputtering. Iron was detected in one of the spots,

2 raster.

but disappeared after several hours sputtering with a 6x6 mm
Iron was not detected at any other location of the sample nor at any

other time during the experiment. However the spots continued to

multiply after each controlled heating experiment.

The spots were concentrated in the center of the sample in an area
approximately 3 mm in diameter, where water vapor exposures using the
caplillary doser were carried out. The use of a single capillary doser
for water vapor exposures provides a large pressure enhancement factor
but suffers from a highly non—uniform distribution of vapor over the

surface [54].

A scanning Auger micrograph of the same sample region shows that
the dark spots are composed of localized concentrations of oxide on the
surface about 20 um across, probably in the form of pits several
microns deep. Although the O (KLL) signal from these pits could be
diminished (0/U < 0.01), it could not be completely eliminated.
Similarly, the pits themselves could not be removed even after several
days of constant sputtering of the surface. The oxygen content of the
pits could not be detected by XPS and does not affect the conclusions

based on XPS measurements.

For most of the exposures, the capillary doser was placed aboult a
millimeter above the center of the sample. Because the flux decreases

rapidly away from the center for a doser of this design, the water



vapor should have been concentrated in an area roughly 3 mm in diameter
in the center of the sample [54]. This correlates with the high
concentration of these pits in the centrai region of the sample and
indicates that water vapor was the principle cause¢ of the localized
attack of the surface. The fact that pit ‘ormal:on was not observed
after the first few water vapor exposures performed at ambient
temperatures, but only appeared after the first exposure at 85 K, could
mean that there is a long incubation time for pit formation or that

reduced temperatures delay the depletion of species responsible for

pitting.
One possible explanation for pit forma‘ion 1s the selective
hydriding (UHS) of the surface as a result «f the prolonged presence of

hydrogen-containing species in the oxide laver during the slow warming
of the sample from LN temperatures. The retention of OH™ ions and
water vapor on the surface should be 'onger 1s the sample is slowly
warmed to room temperature over the period o’ an hour or two. Also, the
condensed water overlayers may provide the h.gh overpressures required
for hydriding. Hydriding of uranium metal and alloys has been shown Lo
proceed by selective attack of the surface t¢ form hvdride islands that
can pop off the surface to leave pits [89,90 . Bedere and Sans [91]

proposed that hydrogen attack on UV 313 K took place under the

0.0us @'

oxide layer and spread untii this layer ruptured.



119

Hydride formation as a resull of the water vapor—uranium reaction
has been postulated [60,92,93] and inferred from metallurgical studies
[94]. Kondo et al. [94] studied the oxidation of uranium in moist
environments with gas chromatography and optical micrography. They
observed a thin layer (~270 nm) of material just underneath the
metal-oxide interface that they attributed to uranium hydride
formation. They concluded that the fracture of this layer above some
critical thickness lead to the observed rapid oxidation of uranium near
ambient temperatures. Baker et al. [60] studied the reaction of
uranium with water vapor—oxygen mixtures and observed that for water
condensation conditions, the reaction rate increased, hydrogen was
evolved, and surface pitting occured. They interpreted this behavior to
the partial excliusion of oxygen from the oxide surface by water, with
the oxygen deficient sites being preferentially attacked. They did not
observed surface pitting in the absence of oxygen and, with the
observed dependence of the reaction rate on the water vapor pressure,
concluded that the reaction did not proceed by an "electrochemical
cell” mechanism [93]. They proposed that hydride and oxide formation

occured simultaneously.

Surface pitting was not observed for the oxygen—uranium reaction
so it must be concluded that hydrogen—-containing species, perhaps in
high concentrations and in the presence of surface impurities or grain
boundaries, are responsible for the selective attack of the uranium

surface during oxidation. It was mentioned that the clean
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polycrystalline surface of uranium 1s composed ol high concentrations
of microcrystallites randomly oriented and scparated by grain
boundaries. Grain boundary diffusion through the oxide surface layer
may be responsible for the surface pit formation by bypassing the
normal interstitial transport of OH™ ions 'hrough the oxide layer for a

more direct route along grain boundaries

The observation of liquid water on the surface during controiled
heating by XPS (see section 5.2) suggests that lhe possibility of
aqueous corrosion must be considered. Surface pitting was observed
after adsorption of pure water vapor on clean uranium at 85 K followed
by heating to ambient temperatures, contrary to the findings of Baker
et al. [85]. Although liquid water was formed, an underlying layer of
oxi1de was present that separated the liquid water from the bulk metal
(see Figs. 5.2.9-10). This layer great!y reduces the solvation of
uranium ions and impedes the attack by liquid waler. Local imperfect-—
lons 1n this oxide layer may cause breaks in the film and lead to rapid
corrosion of the underlying metal which result in the formation of pits
[95]. This is similar to the process proposed by Baker et al. [60] for
pit formation in water vapor-oxygen mixtires. The presence of
pre—adsorbed oxygen should delay this process by producing a protective

oxide layer that decreases the chance of liquid water attack.

[t is clear thal more work in this area is necessary before a
complete understanding of the selective oxidation of uranium by water

vapor 1s achieved.
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6. INITIAL REACTION MECHANISMS

The reaction of clean uranium with dry oxygen, pure water vapor
and dry carbon monoxide is fast at room temperature. Surface
contamination by the residual gas can be detected with AES after only
three minutes at a base pressure of | x 1078 Pa. One Langmuir exposure
of either gas immediately produces a prominent oxygen peak in the Auger
spectrum. At 10 L exposure, shifts in the valence Auger peaks are

observed indicating the formation of an oxide layer.

Bulk oxidation mechanisms for the reaction of dry oxygen with
clean uranium have been extensively studied and are relatively well
understood [2]. Oxygen is molecularly chemisorbed onto the clean
uranium surface and rapidly dissociates and combines with the surface
uranium atoms to form an oxide layer. Heating the oxygen-saturated
surface above ambient temperatures accelerates the transport of oxygen
into the bulk; the O (KLL) AES peak nearlv disappears upon heating to
1000 K. This rapid diffusion of surface oxygen into the bulk has

implications for any claims of a stable UO surface phase [24] (see

section 5.1).

Once the initial oxide layer 1s formed, molecular oxygen continues
to adsorb on the oxide surface. Most of il dissociates and is

transported into the oxide lattice in the form of 0%~ where it diffuses
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to the metal-oxide interface. Some of the oxygen remains on the surface
as chemisorbed O, or 07, or in the near-surface as interstitial

O7. The ability to create surfaces with 0/U ralios in excess of the
stoichiometric value of two (as measurcd bv AES, see section 5.1)
indicates that the oxide surface is capabie of adsorbing additional
oxygen. Such a "supersaturated” surface <an hold chemisorbed oxygen in
the form of 0,7 or 07, and the near-surface becomes

interstitial-rich. Similarly, the metai-oxide interface is not
monol)ithic and probably consists of a sub-stoichiometric transition
region betwen the bulk metal and the sioizhiomelric oxide. Thus for
low exposures, one can envision the situation where UO,, predominates

near the gas-oxide interface, U0, _ predominates near the metal-oxide

L
interface, and nominal UO, exists between the two thin
non-stoichiometric regions. For longer exposure times or higher oxygen

pressures, the UO,, region grows and moves toward the metal-oxide

interface until the entire oxide layer becomes interstitial-rich U0, .

[17].

The initial reaction of water vapor on clean and oxygen-covered
uranium is not well understood [2]. Reaction of the clean surface
involves the chemisorption of the water molecules onto the uranium
surface through the metal-oxygen bond. The chemisorption breaks one of
the O-H bonds in a dissociation reaction to leave a strongly
chemisorbed OH™ and an H* weakly bound “¢ the surface hydroxyl ion. The

H* ions recombine to form molecular H, t1hat escapes 1nto the gas



123

phase. Hydride formation is probably not important at this stage of Llhe
reaction. This process continues on the metal surface until an oxide

layer is formed.

The presence of an oxide layer changes the adsorption mechanism of
the water molecules. With no metal surface nearby to promote
dissociation reactions, the water molecules probably hydrogen bond to
the oxygen atoms in the oxide lattice. Maltilayer formation can then
take place on top of this hydrogen-bonded layer. The molecules
hydrogen-bonded to the surface can react with the adsorbed lattice

oxygens via a hydrolysis reaction to form lattice OHT and surface OH™

as follows:

H,0(s) + 0% (1 or i) = OH (1 or i) + OH (s)

also

H,0(s) + 07(i) + e” = OH (i) + OH (s),

where s, |, and i designate surface, latiice, and interstitial species,

respectively.

The chemisorbed OH™ ions diffuse through the oxide lattice in much
the same way as 02~ ions do in the case of dry oxygen exposure.
Thermogravimetric studies of the water vapor—-uranium reaction give

pressure dependences consistent with transport of singly—ionized



species, such as O or OH”, probably by an 1nlerstitialecy mechanism
(see Vig. 2.2.2). The transport of OH  in the fluorite lattice has
been shown to require less energy than lransport of either 07 or 0=~
due to the lower Coulomb energy opposing d:splacemenl of OH™ from the
lattice site [27. The interstitial CH™ ioa- combine with the uranium
atoms at the metal-oxide interface releasing protons that combine to
form molecular H,. The H, molecules iran :hen either rapidly diffuse to
the surface and escape into the gas phase cr combine with the uranium

to form a hydride according to the foliowing reaction:

2U + 3H, = 2UH,.

This fairly simplified view of the oxidation of uranium in water
vapor environments has been shown to be irniadequate to explain some

aspects of the reaction of water vapor wi:h so’'1d and liquid uranium

[96].

The presence of both hydrogen-bonded and strongly chemisorbed
surface OH” 1ons is likely, but the latler 1s probably energetically
more favorable and therefore dominant as evidenced by the ~0.3 eV
increase in O 1s photoelectron binding energ:es observed in going from
oxygen to water vapor saturation of the c¢lean surface. The strongly
bound oxygen of the OH™ would result 1n a positive surface dipole
charge. This would lead to a decreasing work function and an increase
in binding energy as is observed. Alsc there¢ 1s no reason to think that

the same affinity for strongly chemisoibed O,  shown by the oxide layer
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would not also operate for the oxygen aloms in Lhe OH™ ions. The
properties of the highly reactive oxide dominate the further initial
oxidation of uranium in both dry oxygen and pure water vapor
environments. In particular, the strong rchemisorption on the active
oxide surface promotes the formation of UO,  even at an early stage in
the oxidation process. This is important because it has been suggested

that a thin layer of UO,, is a prerequisite for further oxide growth

X

(2,97].

The initial carbon monoxide—uranium reaction was briefly discussed
in section 5.1. A detailed discussion of this reaction was given by
McLean et al. [26] and need not be repeated here. However, there are
some observations worth noting. As mentioned before, carbon competes
with oxygen adsorption sites on the uranium metal and interferes with
the growth of the surface oxide layer. The formation of a carbide
beneath the surface might also i1mpede the transport of oxygen into the
bulk which would limit the oxide growth. Because lhis reaction was not
studied with XPS or SIMS, the role of chemisorbed species, such as CO
or 07, in the further growth of the oxide is unknown, but strong
chemisorption probably precedes incorporation into either the oxide or

the carbide as in the case of oxidation by oxygen or water vapor.

That oxygen inhibits the water vapor-uranium reaction has been
clearly established by thermogravimetric studies (see Fig. 2.2.7)
[12]. Yet there are differing views of the mechanism for this behavior

[2.12,19]. Colmenares et al. [12] have suggested that chemisorbed
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oxygen on uranium oxide can block adsorp'ion sites normally available
to water molecules to undergo hydrolvsis, tnus inlerfering with the
formalion of OH™ in the oxide latticc. This blocking action would be
confined Lo the oxide surface and would cease to operate with the
deplelion of the chemisorbed oxygen as 1t ¢i1ffused into the

bulk. Studies of the water vapor-uranium reaction 1n controlled volumes
have shown that 1n the presence of uxvgen, the evolution of hydrogen
from the oxidation reaction is completely stopped. but is resumed when
the oxygen concentration in the gas phase falls below a certain well

defined value [60,98,99].

Studies of water vapor adsorption on clean and oxygen—predosed
single—crystal transilion metal surfaces have shown that oxygen can
prevent the dissocialion of water vapor at the surface [38] and even
reduce the initial adsorption of water vapor {10}, lending support to
the mechanism proposed by Colmenares et a! This mechanism would
require oxygen rather than water vapor t. preferentially chemisorb on
the vacant surface sites left by oxygen atoms diffusing to the
metal-oxide interface [2,60]. Some evidence for this behavior was
observed in the XPS results during controlled heating as discussed in

section 5.2.

Colmenares [2] has pointed outl that the amount of oxygen
inhibition increases as the water vapor pressure increases, and this is
readily apparent in Fig. 2.2.7. Yet the i1nhibiled reaction rate seems

to be independent of oxygen concentra! .on. The sharp cutoff ol the
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reaction rate is similar to a phase trans:tion and may indicate the

onset of a diffusion-controlled process.

Allen et al. [19] noted that the initial oxidation reaction
appeared to be independent of oxygen concentration 1n water
vapor—oxygen mixtures and therefore was controlled by a tunneling
process. Their results suggested that the effect of oxygen 1s not
apparent until a relatively thick (>3 nm) oxide layer is formed where
oxygen might control the transport of OH™ through the oxide layer. They
postulated that the presence of oxygen promotes the formation of defect
complexes that would diffuse more slowly through Lhe oxide layer. These
complexes would present an additional barrier to OH™ diffusion making
the rate of reaction depend on the oxygen concentration. However, they
noted none of the satellite structure on the high binding energy side
of the U 4f photoelectron peaks that is characteristic of such defect

formation [19,30,31].

As mentioned previously, OH™ probably diffuses through the oxide
layer to the bulk by an interstitial mechanism as does 0~ and
0%-. Transport of OH™ is energetically more favorable than the oxygen
1ons and therefore faster under similar conditions. A simpler mechanism
for the inhibition of the water vapor—-uranium reaction than that
proposed by Allen et al. [19] is that the presence of oxygen might
cause a sort of traffic jam on the avenues of lransport in the oxide
layer. Because both OH™ and O~ or 0~ diffuse via an interstitial

mechanism, at some concentration of oxygen, the OH  ions may have to



walt for the slower oxygen ions to migraie ou! of the way before
proceeding on toward the metal. For low concentralions of oxygen, the
transport of OH” is virtually unaffected. As the oxygen concentration
increases, more and more of the hydroxyls «re temporarily blocked by
the slow moving (relative to the OH ) osxvgen ions. At some critical
concentration, the transport of oxygen dom nates all interstitial

transport in the layer.

This scheme does not require the formation of defect clusters as
suggested by Allen et al. {19], which have only been observed for much
thicker oxide lavers [30,31]. A reducliorn in hydrogen production is
explained by the reduction in the number of OH  1ons reaching the
metal-oxide interface as in the previous nechanisms. The constant rate
of inhibited reaction, moreover, :s close to tha! for the reaction of
dry oxygen wilh uranium, further suppcrt ng this impeded transport

mode! of thits inhibittion.

Alternative proposals have been pul forward to explain the oxygen
inhibition of the water vapor—uranium reaction. Fuller et al. [100]
have proposed thal some of the hydrogen released at the metal-oxide
interface during the water vapor-uranium reaction diffuses into the
metal and aids in the further oxidation of the metal by a process
related to hydrogen embrittlemern . Theyv concluded that the inhibiting
effect ofoxygen on the water vaposr—urarium reaction was actually a
result of the dimunition of the hydrogen enhancement of the oxidation

reaction which resultls from the scavenging of excess hydrogen by oxygen
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to form water vapor. However, this explanation i1s not consistent with
the sharp drop in the reaction rate above a certain oxygen

concentration as is observed (see Fig. 2.2.7) [2.99].

Despite many experimental investigations of the inhibiting effect
of oxygen on the water vapor—uranium reaction in the bulk [2,60,99],
and several studies of the water vapor—uranium surface reaction [19,27]
including the present study, insufficient information exists to allow a

choice between the various proposed mechanisms for this behavior.
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7. SUMMARY AND SUGGESTIONS FOK FUTURE WORK

The initial oxidation reactions of «lean, high—purity
polycrystailine uranium metal surfaces with dry oxygen, pure water
vapor, and dry carbon monoxide for temperatures between 85 and 298 K
were studied wilh Auger electron spectroscopy (AES), X-ray
photloelectron spectroscopy (XPS), thermal desorplion spectroscopy

{TDS), and electron—-induced luminescence (%1L).

Saturation of the clean uranium surface a! room temperature

occured after 7.5, 40, and 36 Langmuirs exposure ta CO, O and H,0,

2
respectively. The oxygen concentraiion on the surface at saturation was
found to be the same after 0, and H,0 exposure. but was reduced by
one—third after CO exposure. This low surface oxygen coverage was
interpreted as arising from the competit.on between carbon and oxygen
atoms for adsorption sites on the surfacs during the reaction.
Sequential heating and oxygen saturaticn of the uranium surface
produced a grossly sub-stoichiometric oxide 'ayer as oxygen diffused

tnto the bulk during heating: the formation of a stable UO phase was

not observed.

Saturation of the clean uranium surface with oxygen or water vapor
at room temperalure produced a sub-stoichiometric oxide layer with

contributions from the metal to the U 4f core level spectra of ~30% and
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~43%, respectively, which was interpreted as non-uniform oxidation of
the near-surface. The O ls spectra for oxygen and water vapor
exposures consisted of a main peak at 531.0 or 9531.3 eV, respectively,
and a small companion peak 2 eV higher in binding energy. The companion
peaks were interpreted as arising from slrongly chemisorbed 0,7 or O
in the case of oxygen exposure, and strongly chemisorbed 0OD” in the
case of D,0 exposure. These assignments were confirmed by secondary—ion
mass spectroscopy (SIMS) which showed negiigible amounts of OH™
(OH"/07<0.01) on the surface after oxygen saturation, but a substantial

amount of OD” (OD7/07~0.1) after D,0 saturation.

XPS measurements during controlled heating of the water
vapor—saturated surface from 85 K to 298 K showed that water
chemisorbed on the surface at 85 K to form a strongly bound first layer
covered by multilayer ice. Heating the surface produced liquid water
which completely desorbed at room temperalure lo leave an oxide and

strongly chemisorbed hydroxyl ions on ithe surface.

Preadorption of oxygen was shown to have a strong effect on the
photoelectron spectra during controlled heating. Multilayer ice
formation still took place at 85 K, bu' the O 1s oxide peak was
observed at sharply lower binding energy upon warming the surface than
that observed for adsorption of water vapor on the clean surface.

After warming to 298 K, the peak positions returned to their previously
observed values indicating that Llhe resultant surface oxide was nol

affected by an oxygen precoverage «f the surface. The lower binding



energies observed after water vapor adsorption on the oxygen—-precovered
surface while warming were interpreted as arising from chemisorbed
oxygen blocking the adsorption sites normal'v available to water
molecules. Water molecules could then only be hydrogen—-bonded lo the
surface oxygen aloms until adsorption sites were freed by oxygen
diffusing into the bulk. Hydrogen-bonded water molecules produce a
negative surface charge that would result 'n a decrease in the binding

energy, as observed.

Thermal desorption measurements for water vapor adsorbed on clean
and oxygen-covered uranium displayed a single desorption peak at 200 K
atiributed to multilayer i1ce. The lack of higher temperature desorption
peaks was interpreted as a result of the strong chemisorption of OH™ on

the oxide surface.

Examination of the surface with electron micrographic technigues
showed that surface pitting took place a”ter controlled heatling
experimenls. The pils were ~20 wm in diameter and contained a high
concentration of oxide. The pits were i1nterpreted as arising from the
electrochemical interaction of liquid water on the surface with

possible local hydride formation taking place.

Luminescence measurements of the uranium surface saturated with
0,. CO or H,0 produced a faint blue em ssion peaked at 400 nm with a
hint of a dual peak. This luminescence arose from the excitation of

F~centers formed in the uniform oxide iayer Adsorption of water vapor



on an oxygen—covered surface produced localized spots of bright red
luminescence with a broad peak centered a! 800 nm that was 100 times
more 1ntense than the uniform blue background emission. These
luminescence spots were correlated with the pits observed by electron
micrography. It was proposed that lhis intense luminescence arose from
the excitation of molecular oxygen stabilized by the presence of

hydroxyl ions on the surface, or Lo large surface complexes of O and

OH.

Reaction mechanisms for the initial oxidation of uranium by O,,
CO, and H,0 were proposed and discussed. The inhibition of the
uranium—-water vapor reaction by oxvgen was proposed to result from the
preferential chemisorption of oxygen species on the surface that block

the strong chemisorption of water molecules and hydroxyl ions.

Because this study is one of only & very few investigations of the
initial oxidation reactions of uranium, 1ts results should be
considered preliminary and by no means conclusive. Much more work
remains to be done before a complete understanding of the uranium
oxidatilon reactions is achieved. In particular, the effect of CO on
both the oxygen- and water vapor—uranium reactions is unknown. The
strong 1nteraction belween carbon and uranium would be expected to
significantly effect the adsorption of oxygen and water vapor on
uranium and its subsequent oxidation. Systematic studies of water vapor
and oxygen adsorption on clean and CO—covered uranium should be carried

out with surface—-sensitive techniques tc explore this possibility. The



nature of the red luminescence from uranium oxides also deserves
further altention. Distinctly different behavior after specific surface

preparation indicales that potentially very nteresting new reaclions

are taking place. It is not clear whether this behavior is unique to
uranium oxides. Attempts should be made lc observe this luminescence
on similar oxides such as ThO, or MgQ. The correlation of the red

luminescence with selective oxidatior of tn. surface and subsequent
pitting increases the importance of ihis mole of atlack. The formation
of surface pits should be carefully monitored with electron micrography
and small-spot XPS to determine the nature of the -~eactants responsible
for this behavior. The possibility of hyd :de formation during the
water vapor—uranium reaction is sti:1l an important problem that has not
been resolved. Further siudies of uranium hvdrides and deuterides with
XPS would be very helpful in clarifying ‘e ro'e of hydriding in the
water vapor—urantium reaction. The mechan sm of the inhibition of the
water vapor—uranium reaction is also stili uncertain. Dynamic studies
of lhe uranium surface reactions by XPS in flowing water vapor and

oxygen gas may shed some light on this question.
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